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AB STRACT 
Anaerobic manure storage systems are one of the major contributors to the odor pollution 
associated with livestock production systems. The magnitude of the odor is due to the produc-
tion and consumption of malodorous compounds by the resident microbial community within 
these waste storage systems. Our hypotheses are that a relationship exists between the micro-
bial community structure and the extent of odor emission, and that, within a particular storage 
system, seasonal changes in the microbial community influence odor emission. During our two 
year study, we used whole community fatty acid methyl ester (FAME) analysis to generate 
lipid profiles for assessing seasonal changes in microbial community structure in various types 
of swine waste storage facilities. Concurrently, we measured slurry concentrations of volatile 
fatty acids, indoles, and phenols as indicators of potential odor emission and recorded various 
physical parameters, such as pH, temperature and solids content. We used principal com-
ponent analysis to examine the microbial community structure differences among and within 
different types of anaerobic swine waste storage systems. Our results show that distinct whole 
microbial community FAME profiles existed in these different storage systems. Furthermore, 
we observed seasonal changes in community structure in several systems. For example, in a 
two-stage lagoon system, seasonal changes in the relative contribution of 18:1 and 18:0 fatty 
acids to the whole community fatty acid profiles coincided with a phototrophic bloom and 
changes in manure phenolic concentrations in this system. We identify 18:1w7c/w9c/ w12c as 
a potential marker fatty acid for purple non-sulfur phototrophic bacteria within earthen swine 
waste storage lagoons. Our results suggest that whole-community FAME profiles when com-
bined with other physical, chemical, and biological information on the facility could become a 
useful predictor of potential odor emission from anaerobic swine waste storage systems. 
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1 INTRODUCTION 
As livestock production systems increase in size, the storage and handling of large amounts 
of animal wast e becomes a serious management and environmental issue. In Iowa, it is esti-
mated that 14.5 million swine produce 21.3 million tons of liquid manure per year (Lorimor, 
1998). To handle the large volume of waste produced, most swine confinement operations 
store the animal waste in deep pits beneath the farm buildings or outside in earthen lagoons 
or concrete basins prior to land application (Zahn et al., 1997). Within the last ten years, the 
odor problems associated with the storage of waste on large swine farming operations have 
become a major political and social issue in Iowa and other swine producing states such as 
North Carolina (National Pork Producers Council, 1995). Presently, no regulations on air 
emission levels for any particular compounds or odor offensiveness measurements have been 
set for agricultural operations although public interest groups have called for such regulations 
(Marks and Knuffke, 1998). This publicity has resulted in an increased interest in research 
focused on factors that affect malodor associated with livestock facilities with the goal of re-
ducing odor pollution. Because it is microbiological processes that produce and breakdown the 
malodorous compounds during the degradation of swine waste, a better understanding of the 
relationship between the microbial community structure and malodorous emissions could facil-
itate the design of odor control strategies. This thesis presents our findings on the relationship 
between the microbial community structure and the concentration of malodorous compounds 
within a variety of outdoor swine waste storage systems in central Iowa. 
2 
Measurements of malodor 
Odor perception is a subjective measurement, and the human nose is much more sensitive 
than chemical or electronic measurements of odor intensity and offensiveness (Hobbs et al., 
1995b). Since the problem of malodor is determined subjectively by human perception of the 
magnitude and offensiveness of an odor, olfactometry has been developed as a tool to quantify 
these characteristics. In this procedure, air is collected from a site in bags, brought back to the 
testing facility and diluted with clean air. Panelists determine at which dilution level odor can 
be detected and an odor intensity measurement is derived; the panelists can also rate the level 
of odor offensiveness. Olfactometry has been the method of choice for odor research because 
of the input from human panelists. However, olfactometry measurements are expensive and 
time consuming which is problematic for large scale environmental sampling. Also, comparison 
of results is complicated because standardization from panel to panel and source to source is 
difficult due to the subjective nature of human odor perception (Hobbs et al. , 1995b). 
To overcome the subjectivity of human panels, electronic and chemical methods for assess-
ing malodors have been examined as alternatives to olfactometry. Electronic methods are the 
least used and newest method of testing for malodors associated with animal waste systems. 
Two types of electronic techniques have been recently examined for their ability to detect 
malodorous compounds in air (Hobbs et al., 1995b). Photoionization detectors use a lamp 
emitting light of a specific energy to ionize volatile compounds while electronic noses detect 
volatiles based on a change in the electronic resistance of a sensor. Although these electronic 
detectors are expensive, the instruments can be calibrated and used on site which makes them 
amenable to large scale assessment of odor pollution. However, they have not gained wide-
spread acceptance because of their low sensitivity compared to olfactometry and their inability 
to determine odor offensiveness (Hobbs et al., 1995b). 
Due to the expense and subjectivity of olfactometry and the limited use of electronic 
detectors, there has been increasing attention on optimizing methodologies for the identification 
and quantification of volatile organic compounds (VOCs) that contribute to odor offensiveness 
and intensity and are present in the air around livestock facilities or in the manure of waste 
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storage systems (Schaefer, 1977; Spoelestra, 1980; Yasuhara and Fuwa, 1983; Zahn et al. , 
1997). An advantage of identifying and quantifying malodorous compounds associated with 
animal wastes is that chemical analysis could provide an impartial and relatively reproducible 
assessment of malodor. The major problem is elucidating what chemicals contribute to odor 
intensity and offensiveness because malodor from swine waste lagoons is the result of a mixture 
of many chemicals. Over 60 different organic compounds, including ammonia, phenols, small 
chain acids, and sulfur compounds such as hydrogen sulfide, have been isolated from swine 
facility air and manure samples (Schaefer, 1977; Yasuhara and Fuwa, 1983). 
Because of the large number of compounds detected, it is often impractical to measure all 
of them; therefore, choosing one or two compounds that could act as indicators of malodor 
intensity and offensiveness would be a reasonable alternative. The concentration of any indi-
cator compound(s) should be correlated to human perception of offensiveness and intensity so 
that it can be related in a meaningful way to the perceived odor problems (Spoelstra, 1980). 
A consensus is emerging on which volatile organic compounds are the major contributors to 
malodors or at least good indicators of odor pollution. Phenols (particularly p-cresol) and 
volatile fatty acids are most often cited as the best indicators of odor offensiveness (Schaefer, 
1977; Spoelstra, 1980; Zahn et al., 1997). These compounds have been used as indicators of 
the effectiveness of various odor reduction techniques in decreasing malodorous emissions from 
swine waste storage systems (Bourque et al., 1987; Sutton et al., 1995; Yu et al. , 1991). 
Malodorous compounds can be measured in the air or the liquid manure (slurry). Depend-
ing on the placement of sampling devices and the wind direction, air sampling could indicate 
malodors coming from the buildings, the waste storage systems, or the land application of ma-
nure. Typically air concentrations of malodors are measured by pumping a known volume of 
air through a collection vessel that contains an absorbent that traps and concentrates volatile 
organics. The trapped compounds are then eluted either by thermal desorption or organic 
extraction prior to analysis by chromatographic methods. Air sampling requires the expense 
and inconvenience of calibrating and maintaining pumps and absorbent tubes. In contrast , 
chemical analysis of the slurry offers a simpler and cheaper sampling method because samples 
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can be brought back to the laboratory and the voes extracted and quantified by chemical or 
chromatographic methods. However, to address the odor pollution problem, slurry concentra-
tions of malodorous compounds must be related to their concentrations in the air because it 
is the air concentrations that are the basis for odor complaints. 
Relating the concentration of malodorous compounds in liquid manure (slurry) to their air 
concentration is difficult (Hobbs et al., 1995a; Zahn et al., 1997). The slurry and air concen-
trations of chemicals such as phenol and volatile acids are related through the interactions of 
environmental conditions such as temperat ure, pH, and vapor pressure, and chemical char-
acteristics such as boiling point and water solubility (Hobbs et al., 1995a; WEF and ASCE, 
1995). Zahn et al. (1997) compared slurry and air measurements of phenolics and small chain 
acids and determined that slurry extraction of volatile organics does not provide a complete 
representation of airborne VOCs detected around swine production facilit ies. However, as 
Spoelstra (1980) proposes, it may be possible to find certain compounds or a suite of com-
pounds that could be measured that would indicate malodorous emissions. In Zahn et al.'s 
study (1997), p-cresol and the small chain organic acids were detected at high concentrations 
in the slurry and were found at significant concentrations in the air up to lOOm away from the 
storage site. Therefore, these compounds could be good candidates to examine in the slurry of 
the anaerobic swine waste systems as indicators of potential odor emission from these outdoor 
storage systems. 
Microbiology of anaerobic swine waste storage systems 
Breakdown of complex compounds such as proteins, carbohydrates and lipids in a pig's diet 
begins in the animal's digestive tract and continues in a waste storage system (Figure 1.1) . The 
compounds contributing to the odor problems associated with la rge swine farms are primarily 
the by-products of the microbial metabolic activity involved in the digestion of food. The 
intestinal tracts of the animals and the outdoor storage facilities, aside from possibly the 
top few centimeters of the slurry, are essentially anaerobic and consequently organic material 
is decomposed anaerobically. Phenol and indole are anaerobic degradation products of the 
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amino acids tyrosine and tryptophan, respectively (Spoelstra, 1977). Microbial fermentation 
of organic material results in the production of small chain volatile acids, alcohols and aromatics 
(Brock and Madigan, 1988; Speece, 1996) that are are perceived to be malodorous. However, 
the microbial community is not only associated with the production of malodorous compounds 
but also with their degradation. For example, microbial anaerobic decomposition processes 
can result in the breakdown of malodorous organic compounds to non-malodorous methane 
and carbon dioxide (Figure 1.1). Microbial communities in swine waste have also been 
Malodorous Organic acids, 
emission Aromatics, 
other voes 
Polymers 
(proteins, 
polysaccharides, 
lipids, 
nucleic acids, etc.) 
l 
Monomers 
(amino acids, 
sugars, 
fatty acids, etc.) 
! 
Volatile small 
Waste storage 
system 
Hydrolysis 
Ferme tation 
chain acids, ~ 
alcohols, 
aromatics, etc. 
Acetic acid--·__,,~=---------=~-
V Methanogenesis 
Methane 
Figure 1.1 Anaerobic decomposition of complex organics 
shown to degrade phenol anaerobically (Beaudet et al., 1986). Thus the changes in the slurry 
concentrations of malodorous compounds are the result of a dynamic interplay between the 
production and consumption of these compounds by the microbial organisms within the swine 
waste storage system. 
The primary inoculum of the microbial community within a waste storage system is the 
community of microorganisms excreted by the animals. The bacteria found in the digestive 
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tracts of swine include a variety of hydrolytic, fermentative, sulfate-reducing, and methanogenic 
species (Butine and Leedle, 1989; Hobson and Shaw, 1971; Varel et al. , 1987). The majority 
of culturable bacteria isolated from swine feces are species of Streptococcus, Lactobacillus, 
Eubacteria, Fusobacteria, and Bacterioides (Moore et al., 1987). The structure of the microbial 
community within anaerobic swine waste storage systems is determined by the species present 
and their relative abundance. Number and abundance of particular types of bacterial species 
are influenced by nutritional and environmental conditions. Swine intestinal microorganisms 
vary with animal age (Varel et al., 1987) and diet (Moore et al., 1987). Outdoor storage systems 
are exposed to a range of environmental conditions and management practices which may 
result in microbial community differences. In industrial anaerobic waste digestors, microbial 
community structure is known to vary depending on the organic loading rate, type of organic 
material, and the temperature and pH of the digestor contents (Speece, 1996). However, little 
is known about the variation in microbial community composition within outdoor anaerobic 
waste storage systems associated with confined animal feeding operations. 
Approaches to characterizing microbial communities 
Two goals in characterizing microbial communities are to identify the microorganisms 
present in the community and to assess their metabolic activity (Ogram and Feng, 1997). 
Individual species can be cultured from a particular environment and then identified to pro-
vide information on what microorganisms are present within the community. However, this 
technique is time consuming, labor intensive, and will most likely give a biased view of the 
community due to the difficulty in culturing all environmental microorganisms (Torsvik et al., 
1990). 
Communities can be characterized by phenotypic methods such as Biolog (BIOLOG, Inc. 
Hayward, CA). Originally used to identify particular species of microorganisms, recently, this 
method has been used to compare whole communities based on differential use of various 
carbon sources. Microplate wells, each containing a different carbon source, are filled with 
an environmental sample, and substrate utilization results in the reduction of tetrazolium 
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producing a product that can be measured spectrophotometrically. The differential pattern 
of carbon source utilization can be analyzed with multivariate techniques such as principal 
component analysis to compare similarities and differences in the substrate utilization profiles 
of different environmental communities. However, potential substrate utilization has not been 
found to correlate well with the numbers or in situ metabolic activity of community members 
(Haack et al., 1995). 
Genetic tools can yield insight into microbial community diversity as well as potential func-
tional activity of a microbial community. Gene probing is becoming a commonly used technique 
for many environmental studies (Halverson and Beattie, 1995; Ogram and Feng, 1997). Nucleic 
acids can be extracted from environmental samples, irreversibly bound to a membrane, and 
then probed with various oligonucleotide probes (Halverson and Beattie, 1995). This technique 
can be used to address a variety of aspects on the diversity of a community. Probes of specific 
16S rRNA sequences have been used to identify microorganisms from various taxonomic levels 
such as domain, family, order, genus, and species (Amann et al., 1995; Hastings et al., 1997; 
Raskin et al., 1994). Also, genes for a particular metabolic pathway can be probed to provide 
a basis for assessing the potential metabolic activity of the studied community (Halverson and 
Beattie, 1995; Hastings et al., 1997; Sayler et al., 1985). Although our knowledge base is 
continually growing, much is not known about the genetic information of many environmental 
organisms or the genetics of many metabolic pathways. Therefore, probes for particular appli-
cations may not be available and creating a gene probe of interest could be difficult and time 
consuming (Amann et al., 1995). 
Lipid analysis is another avenue for microbial community characterization and is a tech-
nique that can provide a fingerprint of the in situ microbial community at a given time and 
location. There are two types of microbial lipid analyses. Phospholipid fatty acid analysis 
(PLFA) is the more traditional method of analyzing whole community lipid profiles (Froste-
gard et al., 1993; Sundh et al., 1997; Vestal and White, 1989). Lipids from environmental 
samples are extracted in an organic solvent, and the polar phospholipids are fractionated via 
column chromatography. The phospholipids are then converted to fatty acid methyl esters for 
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gas chromatographic analysis to provide a specific fatty acid profile for each sample. More 
recently whole community fatty acid analysis has been applied to microbial ecology questions 
(Cavigelli et al., 1995; Haack et al., 1994; Macalady et al., 1998). In whole community fatty 
acid analysis (typically abbreviated FAME though both types of lipid analysis utilize fatty acid 
methyl esters), cells are lysed and saponified in one step with no separation of the polar and 
non-polar lipids. Then all extracted fatty acids are converted into methyl esters for gas chro-
matographic analysis. Frequently, for both PLFA and FAME analyses, the relative abundance 
and the presence particular fatty acids are used as qualitative descriptors of the occurrence of 
specific species or groups of microorganisms (i.e., anaerobes, Gram-positive bacteria or eukary-
otes) from a community (Cavigelli et al., 1995; Frostegard et al., 1993; Sundh et al., 1997). 
Due to the complexity of the fatty acid profiles derived from whole microbial community lipid 
analyses, multivariate statistical techniques, such as principal component analysis , are used to 
elucidate the similarities and differences among the fatty acid profiles generated in order to 
explore the relative similarities and differences in the microbial community (Cavigelli et al., 
1995; Haack et al. , 1994; Macalady et al., 1998). 
Haack et al. (1994) note that many lipid studies have been done in which the differences in 
the lipid profile are assumed to be due to differences in microbial community structure without 
any knowledge of the actual microbial populations. To better understand the relationships 
between microbial community structure and fatty acid profiles, Haack et al. (1994) examined 
the whole community fatty acid profiles of artificially created microbial communities . The 
authors chose a variety of soil microorganisms and analyzed each isolate's whole cell fatty 
acid profile at a variety of growth stages and after growth on a variety of media. They then 
created two microbial communities using various proportions of the individual microorganisms 
they had previously characterized and examined the whole community fatty acid profiles using 
principal component analysis. By doing this, the authors were able to interpret the PCA in 
light of their understanding of the community composition . They concluded that interpretation 
of taxonomic composition for their model communities using typical assumptions, such as 
branched chained fatty acids being indicative of Gram-positive bacteria or cyclo fatty acids 
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as indicative of anaerobic bacteria, would be inconclusive in some instances and incorrect in 
others. However, they found that principal component analysis of whole community FAME 
profiles did clearly distinguish communities with different taxonomic compositions and that 
the analysis was robust and reproducible. Therefore, the strength of whole community lipid 
analysis is to detect differences in structure among microbial communities rather than to 
identify particular taxonomic groups within a community (Haack et al., 1994; Halverson and 
Beattie, 1995). 
Objectives and outline of research project 
Despite the importance of microorganisms to the production of malodors, there are ma-
jor gaps in our understanding of the relationship between the in situ microbial communities 
and the types and amounts of malodorous compounds produced in various waste storage sys-
tems. This work is needed before hypotheses can be made on specific management changes 
to swine waste storage systems that may result in a significant decrease in the odor emissions 
from these systems. Our goal is to establish a relationship between the microbial community 
structure and the extent of odor pollution from swine waste storage systems. We hypothesize 
that the microbial community structure differs among various types of waste storage systems. 
With the variety of different management practices in the swine waste systems examined, it 
is unlikely that conditions are similar enough to select for similar microbial populations. Our 
second hypothesis is that the microbial community structure of phototrophic lagoons differs 
throughout the year while a non-phototrophic system would be expected to show little if any 
community structure differences. One reason we believe that there is a seasonal change in 
the microbial community in a phototrophic lagoon is that there are visible changes in these 
lagoon systems with the appearance of a purple color in the summer due to a bloom of purple 
non-sulfur bacteria (Do et al., 1998; DiSpirito et al., 1995) whereas no such visible change 
occurs in non-phototrophic systems. 
To examine microbial community structure, we decided to generate lipid profiles of the 
whole microbial community. Because phospholipid extraction is more time consuming and 
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expensive than FAME analysis, we chose to use whole community FAME analysis to facilitate 
more intensive sampling of a larger number of sites. The use of multivariate statistical tech-
niques to compare the complex fatty acid profiles of the microbial communities allowed us to 
explore the similarities and differences of community structure among waste storage systems 
as well as within a single system over time . We also examined the changes in the relative 
abundance or presence of fatty acids that have been reported as indicators of particular groups 
of microorganisms. 
Because changes in the concentration of malodorous compounds within swine waste storage 
systems are related to microbiological processes, we hypothesized that a relationship exists 
between the abundance or presence of malodor indicator compounds and the abundance or 
presence of microbial community marker fatty acids within the waste storage systems. To 
assess the potential malodor of the waste systems, we measured the concentration of phenol, 
p-cresol, 4-ethyl phenol, indole, 3-methyl indole and volatile short chain acids (C2 to C1) 
within the slurries of the different waste storage systems. Besides the potential for indicating 
malodorous emission from the waste storage systems, we believe that examination of slurry 
concentrations of these volatile organic compounds could provide insight into the metabolic 
activity of the microbial populations within the slurry of the systems. 
The materials and methods used for sample collection, extraction of fatty acids, phenolics 
and volatile acids, as well as a description of the statist ical procedure of principal component 
analysis are described in Chapter 2. In Chapter 3, we examine the differences in the microbial 
community structure of various types of outdoor swine waste storage systems in relationship 
to various physical parameters that may influence community structure. In Chapter 4, we ex-
amine the seasonal variation in the microbial community structure of the various swine waste 
storage systems and identify potential marker fatty acids that could be used to characterize 
these communities, including a possible signature fatty acid for purple non-sulfur photosyn-
thetic bacteria. In Chapter 5, we examine differences and changes in the concentrations of 
malodorous compounds within the slurry of various swine waste storage systems and relate 
them to changes in the abundance of the potential marker fatty acids. In Chapter 6, I sum-
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marize our conclusions, discuss some of the possible significance this work and indicate areas 
where future research is needed. 
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2 MATERIAL AND METHODS 
Sample collection 
Slurry samples were collected from outside waste storage systems located at various swine 
confinement operations in central Iowa. The types of systems sampled represent the range of 
outdoor waste systems found in Iowa and include a concrete basin, a phototrophic two-stage 
lagoon, a phototrophic single-stage lagoon, and a non-phototrophic single-stage lagoon. We 
did not examine slurry from indoor pits beneath swine buildings. All farms were within 40 
miles of Iowa State University. Table 2.1 contains descriptions of the sampling sites and the 
site identification codes used throughout this thesis. At all of the farms, the animals live on 
slotted floors inside confinement buildings and their wastes falls into shallow pits beneath the 
buildings. The waste is then diluted with water and the pits emptied into outside storage 
systems through a pipe. Earthen waste storage systems are divided into two categories: single 
and multiple lagoon systems. A single lagoon receives all the waste from a building while in a 
multi-stage system (typically just two) the first lagoon receives waste from the building(s) and 
is connected by a pipe to a second lagoon. No lagoon other than the first one receives waste 
directly. Some earthen waste storage lagoons experience a bloom of phototrophic bacteria that 
causes the liquid manure or slurry to turn a pink/purple color (DiSpirito et al.,1995; Do et 
al., 1998). In our study, one of the earthen single-stage earthen lagoon (SF-LAG) and both 
stages of the two-stage system (PLAG and SLAG) experienced a phototrophic bloom and the 
slurry was a pink/purple color in each of these lagoons from June until October. The other 
single-stage earthen lagoon studied (OL-LAG) and the concrete basin (BASN) did not become 
phototrophic during our study, and the owners report that they have never seen a change in 
the color of the slurry in either of the systems. 
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Table 2.1 Physical characteristics and management practices of swme 
waste storage systems. 
Type of Identification Number and 
storage code type of swine 
system 
Earthen Primary 1200 sows 
two-stage lagoon with piglets 
phototrophic (PLAG) and 3000 
lagoon Secondary feeder 
lagoon animals a 
(SLAG) 
Earthen SF-LAG 200 finishing 
single-stage animals a 
phototrophic 
lagoon 
Concrete BASN 1200 
basin (non- finishing 
phototrophic) animalsb 
Earthen OL-LAG 1200 
single-stage finishing 
non- animals a 
phototrophic 
lagoon 
"Swine that weigh between 14 and 30 kg 
bSwine that weigh between 30 and 110 kg 
Size of Frequency Frequency 
system at which at which 
waste is waste is 
added removed 
PLAG- 64 m Continuous Twice a 
x 64 m and 7 trickle feed year-once m 
m deep from the fall and 
SLAG-61 m shallow pits once in the 
x 95 m and 4 spring 
m deep 
24.4m x 12.2 Daily with Completely 
m and 3 m 500L of emptied 
deep water every 3 
years ; 
minimal 
amounts 
removed in 
the spring 
of other 
vears 
24.4m in Daily with Twice a 
diameter; minimal year-once in 
2.44m deep amounts of the fall and 
water once in the 
spring 
28m x 28m Every other Twice a 
and 3 m deep week year-once in 
the fall and 
once in the 
spring 
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Sampling from all of the storage systems, except OL-LAG, began March 1997 and ended 
the first week of August 1998. We began sampling OL-LAG in November 1997. We collected 
samples monthly during December and January, bi-weekly from August through November 
and February through May, and weekly during June and July. In the spring of 1998, the 
BASN system was pumped out. Consequently, we were unable to obtain samples from this 
system from February through mid-April. 
Air and slurry temperatures were recorded on-site at the time of sampling. In the earthen 
lagoon systems, samples were collected from the top 30 cm of the slurry at random points 
approximately 3 m from the edge of the lagoon. Samples were collected from the top 30 cm 
of slurry along the outside edge of the concrete basin system. Three 250 ml samples were 
collected from each of the lagoons in the two-stage system and two 250 ml samples were 
collected from the basin and the two single-stage lagoons. All samples were kept on ice during 
transportation back to Iowa State University and processed within six hours of collection. 
After allowing the samples to equilibrate to room temperature, the pH of each sample (n=3 
for PLAG and SLAG and n=2 for SF-LAG, OL-LAG and BASN) was measured with a Fisher 
Accumet Model 815MP pH meter and a combination calomel electrode (Fisher Scientific, Inc. , 
Pittsburgh, PA.). 
Solids measurements 
Total solids, total suspended solids, volatile solids and volatile suspended solids were mea-
sured from January through August 1998 using standard protocols (American Public Health 
Association, 1992). Total solids were analyzed by adding 2.5 to 5.0 ml of slurry to a pre-weighed 
porcelain crucible For suspended solids measurements, 25-100 ml of slurry were vacuum-filtered 
through a pre-weighed Whatman 934-AH glass fiber filter with a 1.5 µm retention size (What-
man, Clifton, NJ). Only total solids and total volatile solids were measured in BASN and 
OL-LAG. No suspended solids were measured in these systems because the suspended mate-
rial clogged the filter preventing accurate suspended solids measurements. Total suspended 
and volatile suspended solids were measured for all samples of the phototrophic lagoon sys-
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terns (PLAG, SLAG and SF-LAG) and total solids and volatile solids were determined for a 
representative subset of samples from these systems. 
Whole community fatty acid analysis 
Approximately 60 ml of slurry from each sample (n=3 for PLAG and SLAG; n=2 for BASN, 
SF-LAG and OL-LAG) were centrifuged for ten minutes at 15,770 x G. The supernatant was 
decanted and processed for analysis of phenols and in doles (see section on phenolic analysis). 
Periodically, representative samples were filtered through a Whatman 3F filter (particle re-
tention of > 6µm) prior to centrifugation. This was done to examine possible changes in the 
types or relative amounts of fatty acids in the profiles due to the removal of plant and animal 
material. Following centrifugation of both filtered and non-filtered samples, two subsamples 
of pelleted material were collected using a sterile metal spatula by taking both a vertical and 
horizontal portion of the pellet. Preliminary results showed that there were differences in the 
fatty acid profiles of the top and bottom portion of the pellet. These differences were most 
likely the result of differential sedimentation rates of the cells during centrifugation. Taking 
material from both the top and bottom portion of the pellet allowed us to obtain the broadest 
representative sample of the pelleted material. The collected material was then placed in a 
clean, sterile glass 13 x 100 mm screw top culture tube and stored at -20°C until thawed for 
fatty acid analysis. Fatty acids were extracted within two weeks of sampling using the Micro-
bial Identification System anaerobic extraction protocol with the modifications noted below 
(Microbial ID, Inc. (MIDI) , 1996). 
Cell material in culture tubes was thawed at room temperature and then mixed with 1.0 
ml of 3.25 M NaOH in methanol, vortexed , and the culture tubes were placed in a 100°C water 
bath for 30 minutes to lyse the cells and saponify the lipids. The fatty acids were methylated 
by adding 1.0 ml of 3.25 N HCl in methanol and 1.0 ml of 27% sulfuric acid in methanol. 
The samples were then placed in a 80°C water bath for 10 minutes, immediately removed and 
cooled in cold water. The resulting fatty acid methyl esters (FAMEs) were extracted by the 
addition of a 1:1 (v:v) mixture of methyl tert-butyl ether:hexane (MTBE/ hexane) followed 
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by end over end mixing in a rotary shaker (Fisher Scientific, Inc. , Pittsburgh, PA.) for 10 
minutes. For the phototrophic systems, 1.25 ml of MTBE/ hexane, which is the volume MIDI 
recommends, were used for extraction of the FAMEs. Due to the abundant cell biomass in the 
BASN and OL-LAG systems, we used 2.5 ml of MTBE/hexane to extract and dilute the sample 
in order to obtain a total FAME area comparable to the PLAG, SLAG and SF-LAG samples 
and to prevent the OL-LAG and BASN samples from overloading the gas chromatography 
column. Following organic extraction and mixing, the aqueous phase was removed, and 3.0 
ml of 1.2% (wt/v) NaOH was added to the sample to wash out any remaining free fatty acids 
or other contaminating aqueous material. The washed organic phase was transferred to a 
gas chromatography autosampler vial. Samples were stored at 4°C for 2 weeks or less before 
analysis by gas chromatography. 
The FAME samples were analyzed on a HP 6890 (Hewlett Packard , Rolling Meadows, 
IL) gas chromatograph (GC) equipped with an HP Ultra2 capillary column (crosslinked 5% 
Ph Me silicone, 25 m x 0.2 mm x 0.33 mm film thickness) and a flame ionization detector. 
The hydrogen carrier gas was maintained at 9.0 PSI. Two different MIDI protocols were used 
for sample analysis. The majority of samples were analyzed using the MIDI aerobe method 
(MIDI, 1996) which reliably separates FAMEs from 9 to 20 carbons in length. A small subset 
of extracted samples were also analyzed for the presence of fatty acids that are typically 
associated with eukaryotic cells by using the MIDI eukaryote method (MIDI, 1996) which 
separates peaks up to 30 carbons in length. For the MIDI aerobe method, the GC oven 
temperature was increased from l 70°C to 260°C at a rate of 5°C/min followed by an increase 
to a final temperature of 310°C at a rate of 40°C/min. The final temperature was maintained 
for 1.5 minutes. The analysis time for the eukaryote method is longer with the GC oven 
temperature increasing from l 70°C to 300°C at a rate of 5°C/min then being maintained 
at 300°C for 18 minutes. For samples analyzed using either method, MIDl's Sherlock data 
analysis system (MIDI, 1996) was used to identify the peaks and generate a whole community 
fatty acid methyl ester (FAME) profile for each sample. The Sherlock analysis system (MIDI, 
1996) has high reproducibility and excellent peak naming through the use of standards to 
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calibrate the system and an algorithm to calculate peak identity based on relative retention 
times. 
From March 1997 through August 1998, we generated 206 usable whole community FAME 
profiles from PLAG, 201 profiles from SLAG, 143 profiles from SF-LAG, 115 profiles from 
BASN and 59 profiles from OL-LAG. FAME profiles were not used if the total fatty acid peak 
area detected was less than 50,000 or if a single peak area was greater than 400,000 based on 
the criteria for determining acceptable analyses established for the MIDI system (MIDI, 1996). 
We present FAME data in units of percent of the total area of named FAMEs in a sample 
using standard fatty acid nomenclature. The length of the fatty acid and amount of saturation 
are reported with the number of carbon atoms followed by a colon and the number of double 
bonds after the colon. Position of the double bond is counted from the methyl end (w) of 
the molecule and can be either in a cis (c) or trans (t) orientation. Branching occurs when 
a methyl group is attached to the carbon backbone of the molecule and its location relative 
to thew end of the fatty acid is indicated by iso (second carbon), ante (third carbon) or 10 
methyl (tenth carbon). Placement of OH groups is noted by a number indicating their position 
relative to the methyl end of the molecule. 
Analysis of fatty acids from purple non-sulfur phototrophic bacteria 
Nine bacterial isolates from PLAG and SLAG that had been cultured under conditions to 
select for purple non-sulfur phototrophic bacteria were obtained from Dr. Alan DiSpirito and 
Young S. Do (Department of Microbiology, Iowa State University, Ames, IA). Each isolate was 
streaked in duplicate on Difeo Bacto tryptic soy broth agar (Fisher Scientific, Inc., Pittsburgh, 
PA.) and incubated at 28°C for 48 hours. Cell mass from the duplicate plates was harvested 
and combined for analysis of whole cell fatty acid methyl esters. Cell material was mixed with 
1.0 ml of 3.25 M NaOH in methanol, vortexed and placed in 100°C water bath for 30 minutes 
to lyse the cells and saponify the lipids. The fatty acids were methylated by adding 2.0 ml of 
3.25 N HCl in methanol. The samples were then placed in a 80°C water bath for 10 minutes, 
removed and immediately cooled in cold water. The resulting fatty acid methyl esters (FAMEs) 
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were extracted by the addition of 1.25 ml of a 1:1 (v:v) mixture of methyl tert-butyl ether: 
hexane (MTBE/hexane) followed by end over end mixing in a rotary shaker(Fisher Scientific, 
Inc., Pittsburgh, PA) for 10 minutes. Following the organic extraction, the aqueous phase was 
removed, and t he sample washed with 3.0 ml of 1.2% (wt/v) NaOH. The washed organic phase 
was transferred to a gas chromatographic autosampler vial for gas chromatographic analysis 
using the MIDI aerobe protocol described in the above section on whole community fatty acid 
analysis . Identification was made based on comparison with MIDI's TSBA aerobe library 
package (MIDI, 1996). 
Phenolic analysis 
From October 1997 through August 1998, the same samples that were centrifuged to col-
lect cell material for FAME analysis were used for analysis of phenolic compounds. After 
centrifugation for ten minutes at 15,770 x G at room temperature, the supernatant was de-
canted and combined for each site in glass screw top bottles. Samples were stored at 4°C for 
no longer than 24 hours. Phenolics from the slurry were concentrated by solid phase extrac-
tion (SPE) using ENVI Chrom-P tubes (containing a stryene-divinylbenzene resin, Supelco, 
Inc., Bellefonte, PA). Tubes were conditioned with 6 ml MTBE, followed by 6 ml methanol 
and then 6 ml deionized water per manufacturer's instructions (Supelco, Inc., 1996). Samples 
were pre-filtered through a Whatman 3mm filter to remove solid materials that could clog 
the SPE tubes. For the non-phototrophic systems (OL-LAG and BASN), duplicate 10 ml of 
supernatant were analyzed. For the early fall phototrophic lagoon samples (PLAG, SLAG, and 
SF-LAG), 100 ml of slurry supernatant were concentrated. During the spring and summer of 
1998, duplicate 50 ml samples were concentrated for these phototrophic systems. 
Samples were vacuum-extracted through the SPE tubes using a vacuum manifold system 
(Alltech Associates, Inc., Deerfield IL). After sample application, the SPE packing material 
was dried under vacuum for a maximum of 2 minutes to remove water and any dissolved 
aqueous material. Then the SPE resin was soaked for 1 minute with 2 ml of MTBE to extract 
the phenolics sorbed onto the resin. An additional 2 ml of MTBE were added to the tube and 
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the phenolics were eluted from the tube slowly under vacuum. MTBE was continually added 
until 5 ml of sample were collected. For all samples, approximately the first 1 ml of material 
collected was a brown layer that separated distinctly from the upper clear layer. We assumed 
that this bottom layer was aqueous material adsorbed to the packing material that was not 
removed by the drying step. The upper clear layer was transferred into two 2 ml autosampler 
vials for analysis by gas chromatography within 24 hours. We encountered difficulty with the 
quantification of phenolics in the non-phototrophic BASN and OL-LAG systems because we 
repeatedly exceeded the amount of analyte (5mg/L) that can be reliably absorbed onto the 
SPE packing material. Therefore, the SPE resin was most likely saturated which would result 
in an underestimation of the phenolics' concentrations. 
Phenols and indoles were analyzed using a HP 6890 (Hewlett Packard, Rolling Meadows, IL) 
fitted with a HP Ultra2 capillary column (crosslinked 5% Ph Me silicone, 25 m x 0.2 mm x 0.33 
mm film thickness) and a flame ionization detector. The instrument parameters were modified 
based on Supelco, Inc. (1996) method for GC analysis of phenolics. The oven temperature was 
increased from 65°C to 185°C at a rate of 10°C/min, maintained at 185°C for 1 minute and 
then the temperature was increased at a rate of 20°C/min to a final temperature of 275°C. The 
final temperature was maintained for 5 minutes. The hydrogen carrier gas was held constant at 
a flow rate of 1.2 ml/min for the entire analysis. For quantification of compounds of interest, we 
ran dilutions of a standard mix containing phenol, p-cresol, 4-ethyl phenol, indole and skatole. 
For each of the phototrophic lagoon, we report the concentration of each individual compound 
as well as a total phenolic concentration based on the the sum of all five compounds. Initial 
analysis of samples on a HP 6890 gas chromatograph with a HP5972 mass spectrophotometer 
(GC-MS) detector (Hewlett Packard, Rolling Meadows, IL) was performed to identify the 
extracted peaks. For GC-MS analysis, samples were separated using the same column, the 
same temperat ure program and the same flow rates as above but with helium as the carrier 
gas. The MS t ransfer line temperature was held at a constant 260°C, the electron multiplier 
voltage was 1700 V, and the resulting ions were scanned from 10 to 550 atomic mass units 
every 1.5 seconds. Resulting spectra were compared to the National Institute of Standards 
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and Technology library package provided by Hewlett Packard and the following compounds 
were identified with greater than 90% matching: phenol, 4-methyl phenol(p-cresol), 2 ethoxy 
phenol, 4-ethyl phenol, piperidinone, 1,2 benzenediol, indole, 3-methyl indole(skatole), and 1,3 
2H-indole-2-one. 
Volatile short chain acid analysis 
Short chain volatile acids were extracted from slurry samples based on a modification of the 
protocol used by the Chemical Analysis Laboratory at Iowa State University (Schoeller, 1997). 
Duplicate 1.25 ml aliquots from each sample (n=3 for PLAG and SLAG; n=2 for SF-LAG, 
OL-LAG and BASN) were microcentrifuged for 2.5 minutes at 10,000 rpms. The supernatant 
was then transferred to a glass syringe and passed through a 0.45 µm filter. Centrifuged, 
filtered samples were placed in a autosampler vial and stored at 4°C for a maximum of 24 
hours. 
The samples were analyzed on a HP 6890 gas chromatograph (Hewlett Pack, Rolling Mead-
ows, IL, USA) equipped with a flame ionization detector and fitted with an HP-lnnowax cap-
illary column (30 m x 0.25 mm x 1.25 µm film thickness). Hydrogen was used as the carrier 
gas and maintained at a constant flow rate of 1.5 ml/min throughout the analysis. The oven 
temperature was maintained at 120°C for 1 minute before increasing to a final temperature of 
265°C at a rate of 10°C/min. The final temperature was maintained for 2 minutes. 
Many procedures for analysis of short chain acids require the acidification of the samples 
prior to gas chromatographic analysis (Lee and Kobayashi, 1992; Yu et al., 1991) to facilitate 
peak elution on certain columns (Hewlett Packard, 1993). We used an HP Innowax column 
which allows for separation of short chain acids without pre-acidification of the sample (Hewlett 
Packard, 1993). Preliminary GC analysis of acidified samples and those at environmental pH 
indicated no significant difference in either total recovery of acids or amounts of individual 
acids. Therefore, we analyzed all of our samples at environmental pH. 
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Statistical analysis 
The mean temperatures at different times of the year were compared using Student's t-test 
(Steel et al., 1997). Multiple comparisons of the various waste storage system pHs (Chapter 3) 
and ratios of different classes of fatty acids (Chapter 4) were made using Tukey's honestly 
significant difference (Steel et al., 1997). Due to the large number of FAMEs present in whole 
community fatty acid profiles, univariate statistical analysis of each FAME may not identify 
overall changes in the profile that reflect changes in community structure. Multivariate analysis 
is a tool that allows large complex data sets to be reduced for easier analysis and interpretation. 
We used principal component analysis performed with the PRINCOMP command in SAS (SAS 
Institute, 1996). Appendix C contains an example of one our SAS programs. 
In principal component analysis, linear combinations of the measured variables are created 
to reduce the data while maintaining as much of the original variation as possible (Jolliffe, 
1986). The linear combination of the fatty acids results in principal component (PC) values 
created for each sample based on the mean and standard deviation of each of the fatty acids. 
The PC values are calculated such that the first principal component accounts for the greatest 
amount of variation in the data set. The second principal component is uncorrelated with the 
first and accounts for the next largest amount of variation in the data. Additional principal 
components can be calculated that will be orthogonal to the others and account for the next 
largest amount of variation. 
For each principal component, a loading value called an eigenvector is computed for each 
variable (a fatty acid for our purposes). All fatty acids with eigenvectors of the same sign 
are positively correlated with one another while fatty acids with eigenvectors of the opposite 
signs are negatively correlated with one another. The magnitude of the eigenvector gives the 
relative importance of a particular fatty acid's contribution to a particular principal component. 
Eigenvectors can be calculated using either a covariance or correlation matrix. Calculation of 
the eigenvectors from a covariance matrix will result in large eigenvectors for those variables 
that have large variances. The correlation matrix standardizes the variables so that all have 
a variance of one. A correlation matrix can be useful for data collected with different units 
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of measurements such as height and weight or for data where samples with a large variance 
may mask the contribution of those with smaller variance (Jolliffe, 1986). For our data, plots 
based on principal component analysis from both covariance and correlation matrices were 
similar although the separation among the FAME profiles of various waste storage systems 
or among different seasonal FAME profiles within one system was clearer when covariance 
matrices were used. Because the fatty acids were measured as the relative percent of the total 
amount of fatty acids detected within a sample, the units were all the same and so the principal 
component plots presented in this paper are based on analyses utilizing covariance matrices. 
Such analyses allowed us to examine particular fatty acids that contributed the most to the 
variation among microbial communities because covariance matrices will highlight fatty acids 
with large variances. 
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3 ASSESSMENT OF MICROBIAL COMMUNITY STRUCTURE IN 
VARIOUS ANAEROBIC SWINE WASTE STORAGE SYSTEMS 
Temperature, pH, and organic loading rates are important design parameters in anaerobic 
treatment systems because of their strong effect on microbial decomposition processes (Speece, 
1996). In the first part of this chapter, we present our results on the characterization of these 
physical parameters for a non-phototrophic concrete basin (BASN), a single-stage phototrophic 
lagoon (SF-LAG), a single-stage non-phototrophic lagoon (OL-LAG) and both stages of a 
two-stage phototrophic lagoon (PLAG and SLAG). In the second part of this chapter, we 
examine the differences in the microbial community structure of these systems using principal 
component analyses of whole community fatty acid profiles collected from these different swine 
waste storage systems. 
Physical parameters 
Slurry temperatures in the waste systems we studied showed little variation (Figure 3.1). 
Because all of these outdoor storage systems are located relatively closely to one another, 
similar temperatures throughout the year were not surprising. From December to early April, 
the surface layers of the lagoons were frozen whereas the basin stayed in an unfrozen slushy 
state. During the second year of our study, the slurry temperatures were slightly warmer in 
the summer although not significantly different from the previous summer (P> 0.05; Student's 
t-test). 
The average pH of all systems, except SF-LAG and PLAG, was significantly different from 
one another (P< 0.05; Tu key's honestly significant difference). The concrete basin (BASN) 
had the lowest average pH (6.4) while the secondary stage of the two-stage phototrophic lagoon 
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(SLAG) had the highest average pH (8 .0) (Figure 3.2) . From July through November, when 
the phototrophic systems (PLAG, SLAG and SF-LAG) experience a phototrophic bloom, the 
slurry pH for each system was consistently above that system's average pH. The pH in the 
BASN system was higher during the second year of sampling (P< 0.05; Student's t-test) . The 
relatively large range and variation of the slurry pH of each of the systems studied suggests 
the dynamic nature of these habitats. 
Measurement of total and volatile solids indicated that BASN had the largest concentration 
of both total and volatile solids and SLAG had the lowest (Table 3.1). The amount of solids 
in the phototrophic earthen lagoons was approximately one-third that of the non-phototrophic 
earthen lagoon. Our solids measurements appear to reflect perturbations to the system due to 
management practices such as agitation and waste removal noted by the arrows in Figure 3.3. 
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Table 3.1 Representative solids concentrations of various swine waste storage systems. 
System (month) Total solids Volatile solids 
(mg/L) (mg/L) 
Phototrophic systems 
PLAG (June) 3,510 1,670 
SLAG (July) 2,513 940 
SF-LAG (August) 2,947 1,647 
Non-phototrophic systems 
BASN (June) 13,100 7,488 
OL-LAG(July) 9,024 5,208 
It is likely that during removal of the slurry, the sludge layer at the bottom of the systems is 
agitated and becomes mixed into the overlying slurry resulting in an increase in slurry solids 
concentration. Because we sampled from the top 0.3 m of the manure, any settled solids would 
not be detected unless agitation was occurring. When agitation stopped, the solids would settle 
to the bottom and their concentration in the slurry would decrease. In the two-stage earthen 
lagoon, material was only pumped out of PLAG, but because the two lagoons are connected, 
the slurry level in SLAG also decreased during this time. An increase in solids content also 
occurred in SF-LAG during the spring even though there was no mechanical mixing of the 
system. It is possible that temperature stratification occurred in the liquid manure during 
the winter months, and when the lagoon thawed and the temperature increased in the spring, 
mixing occurred due to upwelling of solids from the bottom. With no regular mechanical 
mixing of the slurry in any of the systems, it is unlikely that solids are distributed evenly 
either vertically or horizontally within the system. For example, PLAG often had a layer of 
solid material floating on parts of the surface area, particularly in the early spring. This lack 
of homogeneity in solids distribution across the surface of the systems could contribute to the 
high standard deviations seen for many of the sampling dates (Figure 3.3). 
Fatty acid analysis 
In general, we observed little variation among the fatty acids in the samples collected from 
each of the waste storage systems (n=3 for PLAG and SLAG; n=2 for OL-LAG, SF-LAG, 
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BASN) on any particular sampling date (Figure 3.4 has one example). A total of 75 different 
fatty acids was found in at least one system at one sampling time with the BASN averaging 
21 different FAMEs per sample, OL-LAG averaging 19 FAMEs per sample, PLAG profiles 
averaging 19 FAMEs per sample, SLAG profiles averaging 16 FAMEs per sample and SF-LAG 
profiles averaging 18 FAMEs per sample. There was no significant difference in the number 
of FAMEs found during different times of the year or between the two years of sampling. 
However, only 45 FAMEs were found in 103 or more of the samples of any particular waste 
storage system (Table 3.2). 
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Figure 3.4 Average FAMEs from SLAG profile for July 6, 1998. Three samples were 
collected and FAMEs extracted from duplicates of each sample. Error bar 
represents 1 standard deviation from the mean. 
Lipids in livestock waste storage systems can come from a variety of sources, such as 
prokaryotic and eukaryotic microorganisms, plant residues and animal cells. One challenge in 
the analysis of whole community fatty acids from environmental samples is the possibility that 
lipids from plant and animal cells may mask the microbial community trends. We assessed 
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Table 3.2 Fatty acids most commonly founda in swine waste storage sys-
tems. 
Satura ted 
12:0b 
13:0 
14:0 
15:0 
16:0 
17:0 
18:0 
20:0 
20H & 30H 
10:0 30H 
12:0 30H 
14:0 20H 
16:0 20 H 
16:0 30H 
16:0 iso 30H 
17:0 30H 
17:0 iso 30 H 
Mono unsaturated 
13:1 at 12-13 
16:1w5cc 
17:1w6c 
18:1w5c 
18:1w7t 
18:1w7c/w9t/w12t(sum7) 
18:1w9c 
20:1w9t 
Poly unsaturated 
18:3 w6,9,12c 
Branched 
14:0 iso 
15:0 a nte 
15:0 iso 
15:1anteAd 
16:0 ante 
16:0 iso 
17:0 10 methyl 
17:0 ante 
17:0 iso 
17:1 iso 1/17:1 ante B(sum5) 
18:0 iso 
19:0 iso 
20:0 iso 
Other 
16:0 N alcohol 
16:1w7 alcohol 
15:1 iso H/ 13:0 30H/ 15:1 iso l (sum2) 
16:1 iso 1/14:0 30H(sum3) 
16:1w7c/15:0 iso 20H(sum4) 
18:2w6,9c/18:0 ante(sum6) 
unknown 15.665e 
°FAMEs found in 103 or more of the samples of any waste storage system 
bFAMEs in bold were detected in > 953 of the samples in all systems. 
cFAMEs underlined were detected only in phototrophic systems (PLAG, SLAG, & SF-LAG). 
dFAMEs in italics were detected only in non-phototrophic systems (BASN & OL-LAG) . 
<Unknown FAMEs are reported by MIDI using an equivalent carbon chain length designation 
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the potential contribution of non-prokaryotic sources of lipids to the whole community FAME 
profiles through two approaches. Our first approach was to filter subsamples from each system 
through a 6 µm filter that should remove most plant and animal cells. FAME profiles of 
the material that passed through the filter were compared with the profiles from non-filtered 
samples. There was no significant difference in the number, type or relative amount of FAMEs 
in the profiles between the filtered and non-filtered samples (data not shown). We attempted to 
obtain FAME profiles for the material retained on the filter but so little material was retained 
that we were unable to extract enough fatty acids for our analyses. Our second approach was to 
assess the relative contribution of prokaryotic and eukaryotic fatty acids to our FAME profiles. 
Many fatty acids such as 16:0 and 18:0 are found in both prokaryotes and eukaryotes, but in 
general prokaryotic fatty acids tend to be under 20 carbons in length and have fewer double 
bonds (Harwood and Russell, 1984). Based on the FAME analysis using the MIDI aerobe 
method, few polyunsaturated fatty acids were found in our samples (Table 3.3). In addition, 
we examined 86 samples using the MIDI eukaryote method to determine the presence and 
relative amount of long chain fatty acids. We found that fatty acids with > 20 carbons were 
minor contributors to the community profiles (Table 3.3). Taken together, these results suggest 
that the differences in the various waste storage systems' FAME profiles were primarily due to 
changes in the community of prokaryotic organisms rather than variations in the contribution 
of eukaryotic microorganisms or plant and animal cells. 
Table 3.3 Possible eukaryotic FAMEs found in whole community profiles of swine waste 
systems. 
Fatty acid Frequency of 
occurrence 
18:3 w6c(6,9,12) 32 of 116 BASN samples(28%)a 
20:4w6,9,12,15c 3 of 208 PLAG samples (l.4%)a 
20:3 w6,9,lc 1 of 208 PLAG samples (0.5%)a 
fatty acids > 20 carbons 42 of 86 samples (49%)b 
0 based on MIDI aerobe method 
bbased on MIDI eukaryote method 
Percent of total 
fatty acids 
<2% 
< 1% 
<1% 
1-5% 
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Microbial community structure differences among waste systems 
To facilitate visualization of community structure differences over the two year duration of 
our study, we performed separate principal component analyses (PCA) comparing all systems 
during the spring (March to May), in June, in July, in the fall (August to October) and in the 
winter (November to February). In order to compare patterns seen in the PCAs at different 
times of the year, we used data matrices composed of the same fatty acids and set the length 
of the axes of all graphs to be the same. By using the same fatty acids in all of our dat a 
matrices, we were able to compare which fatty acids had high eigenvectors and were important 
in the differentiation of microbial communities among the various swine waste storage systems 
at different times of the year. When one of the fatty acids was not detected in a system but 
present in other systems that particular fatty acid was given a zero value in the profiles where it 
was not detected. This procedure permits inclusion of fatty acids that are present in a certain 
waste storage system or at a certain time of the year yet are not found in other systems or at 
other times of the year. Having the axes the same on all graphs highlights differences in the 
magnitude of variation among systems at different times of the year. 
Principal component analyses of the whole community FAME profiles revealed that de-
scribing microbial community structure differences among systems was dependent on the time 
of year. In general, the community structure of the non-phototrophic (BASN, 01-LAG) and 
phototrophic (SF-LAG, PLAG, SLAG) systems were clearly distinguishable from each other 
during the summer and fall months (Figures 3.6, A.I, A.2, A.5, and A.3). For PCAs of any 
months from June through October, principal component one (PCl) accounted for over 80% 
of variation and principal component two (PC2) contributed relatively little (2-9%) to the 
discrimination of samples. During the winter and spring months, the phototrophic lagoons' 
profiles were more similar to the non-phototrophic systems with PCl explaining 45% to 70% of 
the sample variation and PC2 accounting for an additional 16% to 30% of the sample variation 
(Figures 3.5, 3.7, A.4). In this chapter we show representative principal component analyses 
that illustrate our key findings and refer the reader to Appendix A for additional information 
on the other among system principal component analyses that support our conclusions. 
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Spring 
For March through May 1997, 85 whole community FAME profiles were generated from 
samples collected from the PLAG , SLAG, SF-LAG and BASN systems. Principal components 
one and two accounted for 57% and 25% of the variation within the data set, respectively. 
Based on PCA of these spring 1997 profiles (Figure 3.5), the primary and secondary stage 
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Figure 3.5 Principal component plot of various swine waste storage system community 
FAME profiles during March-May 1997. Phototrophic systems: * SF-LAG, • 
PLAG , o SLAG. Non-phototrophic system: EB BASN. 
of the two-stage lagoon clustered separately from one another. For the early part of the 
spring, SF-LAG profi les were similar to the BASN samples in the first principal component 
whereas by May, the SF-LAG profiles were most similar to the profiles of the two-stage lagoon 
communities. The second principal component separated the BASN samples from the early 
spring SF-LAG samples and provided further distinction between PLAG and SLAG. Commu-
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nity profiles from SF-LAG were also similar to those from the BASN during the beginning of 
1998 (Figures 3.7and A.4). SF-LAG had been emptied when we started our sampling in 1997 
and the manu re during the early spring was much thicker than later in the season. However, 
pumping and agitation did not occur in the spring of 1998 at the SF-LAG system though solids 
measurements in this system were elevated compared with the rest of the 1998 sampling season 
(Figure 3.3). 
For March through May 1997, PCl had high eigenvectors for 18:1w7t and 16:1w7c/15:0 
iso 20H and 18:1w7c/w9t/w12t (Table 3.4). It should be noted that the three fatty acids 
18:1w7c, 18:1w9t, and 18:1w12t are summed and reported together as sum7 by the MIDI 
analysis software because they can not be reliably separated using the MIDI chromatographic 
method; similarly, 16:1w7t and 15:0 iso 20H cannot be reliably separated and are reported 
as sum4. In PCl, the whole community profiles of the BASN and the early spring SF-LAG 
samples had relatively high amounts of 18:1w7t and relatively low amounts of sum4 and sum7 
compared with the profiles of SLAG from this same time period. The fatty acids that were 
important to the separation seen in PC2 were 16:0, 18:0, and sum4. During this sampling 
time, profiles with positive PC2 scores, such as SF-LAG and the majority of PLAG samples, 
had relatively higher amounts of 18:0 and 16:0 in their fatty acid profiles and less sum4 than 
the BASN or SLAG samples. 
Summer 
In July 1998, samples were collected from PLAG, SLAG, SF-LAG, OL-LAG and BASN and 
a total of 68 usable whole community FAME profiles were generated. Principal components 
one and two accounted for 95% and 2% of the variation within the data set , respectively. The 
first principal component in Figure 3.6 clearly separates the non-phototrophic systems (BASN 
and OL-LAG) from the phototrophic earthen lagoon systems (PLAG, SLAG and SF-LAG) 
while the second principal component separates the profiles of OL-LAG and BASN. Similar 
patterns can be seen in PCA of samples collected during June and July 1997 and June 1998 
(Figures A.I, A.2 and A.5). In July 1998, the liquid manure (slurry) of the phototrophic 
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Table 3.4 Eigenvectors for fatty acids that contribute mosta to the differentiation of mi-
crobial communities among various types of swine waste storage facilities. 
Date Eigenvectors for principal component one6 
16:1w7t/ 18:1w7c/ 18:w7t 18:0 16:0 
15:0iso w9t/w12t 
20H (sum7) 
sum4 
March-May 1997 0.46 0.44 -0.72 
June 1997 0.44 0.50 -0.54 -0.49 
July 1997 0.45 0.51 -0.37 -0.62 
August-October 1997 0.50 0.51 -0.29 -0.62 
November 1997- 0.48 0.44 -0.50 -0.54 
February 1998 
March-May 1998 0.20 0.36 -0.54 0.50 -0.49 
June 1998 0.48 0.49 -0.28 -0.65 -0.11 
July 1998 0.48 0.54 -0.26 -0 .62 
0 Eigenvectors with values > I0.101. 
bCoefficient for a particular fatty acid in the linear combination of a principal component. FAMEs with 
eigenvectors of the same sign are positively correlated with one another; FAMEs with eigenvectors of the 
opposite signs are negatively correlated with one another. 
earthen lagoon systems were a purple/pink color and PLAG/SLAG had increased levels of 
bacterial chlorophyll indicating that a phototrophic bloom had occurred (Do, et al. , 1998). 
For July 1998, the variation in PCl scores was due to high eigenvectors for 18:1w7t, 18:0, 
16:1w7c/15:0 iso 20H (sum4) and 18:1w7c/w9t/w12t (sum7) fatty acids (Table 3.4). During 
the summer months of June and July, all of the phototrophic systems (PLAG, SLAG, SF-
LAG) had high amounts of the sum7 and sum4. These two groups of fatty acids accounted 
for 40-50% of the total amount of FAMEs in the phototrophic lagoons during July of both 
sampling years. In the non-phototrophic single-stage lagoon and the concrete basin system, 
we never detected the fatty acids in sum7 and the sum4 group appeared infrequently and at 
relatively low concentrations whereas 18:0 and 18:1w7t consistently occurred at relatively high 
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Figure 3.6 Principal component plot of various swine waste storage system community 
FAME profiles during July 1998. Phototrophic systems: * SF-LAG, • PLAG, 
o SLAG. Non-phototrophic systems: EB BASN, o OL-LAG. 
proportions throughout our study. The separation of the single stage non-phototrophic lagoon 
and the concrete basin seen in PC2 was the result of relatively higher amounts of 16:0 and 
lower amounts of 18:0 and 18:lw7t in OL-LAG compared to BASN. 
Winter 
From November 1997 to February 1998, 96 whole community FAME profiles were gener-
ated from samples of t he PLAG, SLAG, SF-LAG, OL-LAG and BASN systems. Principal 
component one and two explained 70% and 16% of the total variation, respectively. The first 
principal component separated SLAG and t he November and December PLAG and SF-LAG 
samples from the BASN and OL-LAG and the January and February PLAG and SF-LAG sam-
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Figure 3.7 Principal component plot of various swine waste storage system com-
munity FAME profiles during November 1997 - February 1998. Pho-
totrophic systems: * SF-LAG, • PLAG, o SLAG. Non-phototrophic 
systems: EB BASN, o OL-LAG. 
ples (Figure 3.7). The profiles for the phototrophic lagoons (PLAG, SLAG, SF-LAG) all had 
positive PCl scores in November, but the PLAG and SF-LAG PCl scores decreased through 
the winter. The negative PCl scores of PLAG and SF-LAG were similar to the PCl values for 
the BASN and OL-LAG samples during the winter months. The second principal component 
provided differentiation among the SF-LAG February samples, the BASN and OL-LAG. To 
determine if PLAG and OL-LAG samples could be further differentiated, we examined these 
profiles in principal components three and four. The PLAG and OL-LAG samples also had 
similar principal component scores in PC3 which explained an additional 93 of the total varia-
tion. PC4 provided some distinction between PLAG and OL-LAG samples but only accounted 
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for 2% of the total variation. The whole community FAME profiles of PLAG remained similar 
to those of OL-LAG until June 1998 (Figure A.4 and A.5). It should be noted that from De-
cember 1997 through February 1998 all of the earthen lagoons had a layer of ice approximately 
0.3m thick, and samples were collected from underneath the ice layer. 
For November 1997 through February 1998, PCl had large eigenvectors for 18:1w7t, 18:0, 
sum 4, and sum7 (Table 3.4). During November and December, SLAG, PLAG and SF-LAG 
had more sum4 and sum7 and less 18:lw7t and 18:0 than the BASN systems. During January 
and February, PLAG and SF-LAG had amounts of these four fatty acids that were more 
similar to OL-LAG and BASN than SLAG. For this principal component analysis, BASN, 
OL-LAG and the February SF-LAG samples were separated along PC2 due to the different 
relative amounts of 18:1w7t and 16:0. Systems with negative PC2 scores (OL-LAG, PLAG 
and SLAG) have relatively more 16:0 and relatively less 18:1w7t than those with positive PC2 
scores (BASN and SF-LAG). 
Principal component analysis is a tool that allowed us to use whole community FAME 
profiles to assess the similarities and differences among the microbial community structure 
within the slurries of a concrete basin , a non-phototrophic lagoon , a single stage phototrophic 
lagoon, and both stages of a phototrophic two-stage lagoon. These analyses showed that during 
the summer months, when the photot rophic bloom is apparent, the microbial community 
structures within the phototrophic and non-phototrophic systems were quite distinct. However, 
during the winter and spring months the variation between the community structure of the 
different systems was less and the whole community FAME profiles of BASN and SF-LAG 
were very similar and PLAG and OL-LAG were also similar. 
Discussion 
Smith and Franco (1985) suggest that average seasonal temperature is an important factor 
m determining the correct volume of an anaerobic lagoon as temperature affects bacterial 
growth rate and degradation of waste products. Because the PLAG, SLAG, SF-LAG, OL-
LAG and BASN are outdoor storage systems in a temperate climate, the seasonal fluctuations 
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in slurry temperature probably reflects seasonal changes in ambient air temperature. A second 
important parameter that affects degradation of waste is organic loading rate. In Iowa the 
volume of an anaerobic lagoon must be large enough to handle all of the waste produced 
from a confined animal feeding operation at a maximum loading rate of 5 lbs of volatile 
solids/day /1000 ft3 (Zhang et al., 1995). Volatile solids measurements are not a direct measure 
of the organic matter content as decomposition or volatilization of mineral salts can occur 
during the analysis (American Public Health Association, 1992). However, comparison of 
total and volatile solids is a quick, inexpensive, and indirect measurement of the organic 
matter content within a system. Our solids measurements illustrate that a major distinguishing 
feature between phototrophic and non-phototrophic systems was that the volatile solids and 
total solids concentrations were much higher in the slurry of non-phototrophic systems. In 
all systems, the solids content increased during the late spring. This could be the result 
of management practices, such as pumping, or environmental conditions, such as seasonal 
water-column turnover. We also measured the pH of these systems because the pH will affect 
the relative ability of certain microorganisms to be metabolically active as well as influence 
microbial community composition (Speece, 1996). SLAG, OL-LAG and BASN had significantly 
different pHs, while SF-LAG and PLAG had similar average pH though theirs were both 
significantly different from the other systems. In the phototrophic lagoons, a general increase 
in pH during the summer months was observed. 
Fatty acid analysis provides a relatively easy, inexpensive and reproducible method for 
characterizing the microbial community structure within the various swine waste storage sys-
tems. In general there was little variability among samples collected from different parts of a 
system. Because our analysis indicated a relatively low amount of fatty acids typically found in 
plants, animal or other eukaryotic organisms, fatty acids from these sources should not obscure 
changes in or differences among the microbial community structure of various swine waste stor-
age systems. Therefore, whole community FAME analysis appears to be an appropriate tool 
for examining the prokaryotic community structure within these swine waste storage systems. 
In general, the number and types of FAMEs found in these anaerobic waste storage systems 
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are similar to those found in soil samples (Bossio et al. , 1998; Cavigelli et al. , 1995; Frostegard 
et. al., 1997) and sediments (Findlay and Watling, 1993; Franzmann et al. , 1996; Langwort hy 
et al. , 1998). One notable exception is the absence of cyclo fatty acids. Cyclo fatty acids are 
often cited as indicators of anaerobic bacteria (Carpenter-Boggs et al. , 1998; Langworthy et 
al. , 1998; Vestal and White, 1989) or indicators of Gram-negative bacteria under low nutrient 
conditions (Frostegard et al., 1997; Rose, 1989). However , Haack et al. (1994) showed that 
neither did not hold true in their work on constructed microbial communities. Even so, if cyclo 
fatty acids are typically a marker for obligate anaerobes, it is unlikely that we would detect 
large amounts of this type of fatty acids because we were sampling within t he surface layer of 
the lagoon where the majority of the population is likely to be facultative anaerobes. Similarly, 
it is unlikely that the organisms in these swine waste lagoons are experiencing nutrient stress 
or growth limitations because of the relat ively high carbon load. 
Whole community lipid analysis has been used to examine similarities and differences in the 
in situ microbial community structure of a variety of habitats such as soil (Bossio et al., 1998; 
Cavigelli et al. , 1995; Frostegard et. al., 1997), sediments (Franzmann et al., 1996: Langworthy 
et al., 1998), compost (Carpenter-Boggs et al. , 1998) and peatlands (Sundh et al. , 1997). Our 
results show that whole community FAME analysis can highlight differences in the microbial 
communities of a variety of different swine waste storage systems. During the summer and 
fall months, the differences among systems were relatively large with principal component one 
clearly distinguishing phototrophic PLAG, SLAG and SF-LAG from the non-phototrophic OL-
LAG and BASN systems. This suggests that the microbial communit ies of phototrophic and 
non-phototrophic swine waste storage had different structures. However , in t he winter and 
spring months, the variation among microbial communities was less. Alt hough SLAG was still 
distinguishable from OL-LAG and BASN, the PLAG and SF-LAG communities appeared to be 
more similar to OL-LAG and BASN, respectively. This suggests that these two sets of systems 
had similar community structures during part of the year. The similarity of the microbial 
community within PLAG and SF-LAG to t hat of OL-LAG and BASN during the winter and 
spring and their distinct differences during the summer and fall indicate t hat t he PLAG and 
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SF-LAG systems undergo a major shift in microbial community structure while 01-LAG and 
BASN do not. The similarity of the community structure during part of the year could be 
indicative of the fact that these systems all receive waste from swine and that the differences 
in the microbial inoculum from farrowing/feeder operations or finishing operations are not 
significantly different. However, some characteristic(s) of the waste management practices, 
the microbial community structure, the environmental conditions or a combination of t hese is 
likely to be related to the dramatic differences seen in the summer and fall months. 
PCA indicates that a small subset of fatty acids seems to play a significant role in discrim-
ination of whole community fatty acid profiles among these storage systems. Regardless of 
the sampling time, 18:1w7t, 18:0, 16:0, 16:1w7c/15:0 iso 20H (sum4) and 18:1w7c/w9t/ w12t 
(sum7) were important contributors to the differences among the whole community FAME 
profiles of phototrophic and non-phototrophic anaerobic swine waste storage systems. Yet 
the challenge is to relate the differences in t he various waste storage systems' fatty acid pro-
files to the differences in the microbial community struct ure of these systems. In a natural, 
complex microbial community, each species in the community will contribute various relative 
amounts of total fatty acids to the whole community profile (Cavigelli et al., 1995; Haack et 
al., 1994). Because many fatty acids are found in more than one species and unique fatty acids 
for particular groups of microorganisms are relatively rare, inference of the underlying species 
composition within the community is difficult (Franzmann et al., 1996; Macalady et al. , 1998). 
Still, most lipid analysis studies do attempt to link t he underlying differences in fatty acid 
profiles with taxonomic differences through the analysis of particular fatty acids or particular 
groups of fatty acids (Findlay and Dobbs, 1993; Frostegard et al. , 1993; Frostegard et al. , 
1997; Sundh et al. , 1997 ). In general, none of the fi ve fatty acids, 18:1w7t, 16:1w7c/15:0 iso 
20H (sum4) , 18:1w7c/w9t/w12t (sum7), 18:0 and 16:0, that account for most of the variability 
among the microbial community structure of different swine waste storage systems in our study 
are helpful in interpreting taxonomic differences among the profiles because these fatty acids 
are found in a wide variety of bacterial species as well as groups such as both Gram-positive and 
Gram-negative microorganisms. Other fatty acids, such as the branched fatty acids that are 
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indicative of Gram-positive organisms (Cavigelli et al., 1995; Harwood and Russell, 1984; Rose, 
1989), showed no trends that would facilitate distinguishing among the microbial community 
differences of the various swine waste storage facilities. However, our results on the fatty acids 
of purple non-sulfur phototrophic bacteria isolates, described in the following chapter (Chap-
ter 4), suggests that for these phototrophic swine waste storage lagoons, the detection of the 
sum7 group of fatty acids indicates the presence of these phototrophs. 
The strength of whole community lipid analysis is seen in studies that investigate changes 
in microbial community structure due to perturbations or differences of particular physical 
characteristics among similar environments. Microbial community studies using lipid analysis 
have shown how different "management practices" such as inputs of heavy metals and other 
pollutants (Baath et al., 1998; Frostegard et al., 1993; Langworthy et al. , 1998), manure 
application (Frostegard et al., 1997) , the use of fumigants (Macalady et al., 1998), or different 
farming practices (Bossio et al., 1998) can lead to significant changes or differences in the lipid 
profiles of a soil microbial community. Frostegard et al. (1997) examined differences in the soil 
microbial community composition at varying distances around a narrow band of manure (a 
hot spot) over 21 days. Principal component analysis of PLFA profiles generated for different 
layers was able to illustrate how the manure application altered community structure spatially. 
Although PCA could still distinguish microbial communities within the layers, the profiles 
within the hot spot and closest to it changed throughout the study and became more similar 
to the profiles farther from the manure spot. Similarly in our work, principal component 
analysis of the microbial community within various anaerobic swine waste storage systems 
indicates that these communities were distinguishable, but that during the winter and spring, 
the structure was more similar than during the summer and fall. Our results suggest that 
the differences in the microbial community structure among the various swine waste storage 
systems are reflective of differences in the management practices, such as the number and type 
of animals providing waste to the systems, the amount of wash water and frequency of loading, 
the physical characteristics, such as size, amount of wash water, solids levels, and pH, and the 
environmental conditions, such as temperature. 
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4 SEASONAL VARIATION IN MICROBIAL COMMUNITY 
STRUCTURE WITHIN ANAEROBIC SWINE WASTE STORAGE 
SYSTEMS 
We were interested in determining if there were seasonal changes in the microbial commu-
nity structure within a particular swine waste storage system. Based on other research on the 
PLAG/SLAG lagoon system (DiSpirito et al., 1995; Do et al. , 1998), we knew that during the 
summer months the slurry turned visibly pink and there was an increase in the level of bac-
terial chlorophyll suggesting a seasonal change in the microbial community structure with an 
increase in the numbers of purple non-sulfur photosynthetic bacteria. We performed principal 
component analysis of all of the whole community FAME profiles collected for each system as 
well as PCA using samples collected from only one year of sampling. To facilitate visualiza-
tion of seasonal changes within the phototrophic lagoons, we show separate PCA plots of each 
year (March through October 1997 and November 1997 through August 1998) in this chapter. 
PCA plots of both years for each of the phototrophic lagoons (PLAG, SLAG and SF-LAG) are 
presented in Appendix B. For all of the phototrophic systems, principal component analysis 
of the whole community fatty acid profiles indicates a temporal shift within the first principal 
component with the second principal component adding little to sample differentiation . PCA 
also revealed seasonal patterns in the microbial community of the non-phototrophic concrete 
basin (BASN) but not within the non-phototrophic lagoon (OL-LAG) . 
Primary stage of a two-stage phototrophic lagoon (PLAG) 
Principal component analysis of 99 profiles of the first-stage of the earthen two-stage pho-
totrophic lagoon (PLAG) from the first sampling year is shown in Figure 4.lA. Principal com-
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ponent one (PCl) explained 76% of the total variation and principal component two (PC2) 
accounted for an additional 12%. The March through May samples all had negative PCl 
scores while the July and August profiles all had positive PCl scores . Both the J une and 
September /October profiles fell in between the two ends of the scale, possibly indicating tran-
sition communities. The PLAG community appeared to change earlier in the fall than SLAG 
(Figure 4 .2A) with the samples becoming more similar to the spring and less similar to the 
summer in October. 
For the second sampling year, we analyzed 107 whole community FAME profiles of the 
PLAG system. The PCA plot for this time period is shown in Figure 4.lB with principal 
component one accounting for 82% of the variation and principal component two adding an 
additional 9%. The November through May samples all had PCl scores below zero while 
the July and August profiles had positive scores greater than ten . As in the first year, there 
appears to be transition profiles from the first half of June that shift from positive to negative 
on the PCl axis. This coincided with the phototrophic bloom in PLAG and SLAG that began 
in June and lasted through the fall in both 1997 and 1998 based on visible observation of a 
pink/purple color and bacterial chlorophyll measurements (Do et al., 1998). 
In the PCA of PLAG, PCl had high eigenvectors for the fatty acids 16:1w7t/15:0iso 20H 
(sum4), 18:1w7c/w9t/w12t (sum7), 18:1w7t, 16:0 and 18:0 during both years (Table 4.1). Sam-
ples from the summer months of July and August had high amounts of sum4 and sum7 with 
relatively low amounts of 18:1w7t, 16:0 and 18:0. Conversely, in the fall, winter and spring 
months, 18:1w7t, 18:0 and 16:0 comprised a major proportion of the fatty acids with corre-
spondingly low proportions of sum4 and sum7. Similarities in the magnitude of the eigenvectors 
for both years suggests that the fatty acid changes within a season were similar from year to 
year. A plot of the PCA of all PLAG samples collected during our study shows similar trends 
in the profiles and fatty acids that describe the majority of the variation in the community 
structure (Figure B.l). 
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Table 4.1 Eigenvector values for fatty acids that contribute mosta to the seasonal differ-
entiation of microbial communities within swine waste lagoons. 
Eigenvectorsb 
System 16:1w7t/ 18:1w 7c/ 18:w7t 18:0 Other 
and yearc 15:0iso w9t/w12t acids 
20H (sum7) 
sum4 
PLAG 1997 0.50 0.50 -0.35 -0.58 16:0:-0.17 
PLAG 1998 0.50 0.54 -0.31 -0.55 16:0:-0.19 
SLAG 1997 0.43 0.52 -0.19 -0.70 
SLAG 1998 0.47 0.48 -0.18 -0.70 
SF-LAG 1997 0.44 0.59 -0.43 -0.50 16:0:-0.11 
SF-LAG 1998 0.43 0.55 -0.42 -0.57 
0 Eigenvectors > I0.101 
bCoefficient for a particular fatty acid in the linear combination of principal component one. FAMEs 
with eigenvectors of the same sign are positively correlated with one another;FAMEs with eigenvectors of 
the opposite signs are negatively correlated with one another. 
c1997:March through October 1997; 1998:November 1997 through August 1998. 
Second stage of a two-stage phototrophic lagoon (SLAG) 
Principal component analysis for March to October 1997 for the second-stage of the pho-
totrophic earthen two-stage lagoon (SLAG) is shown in Figure 4.2A. The analysis was based on 
103 community FAME profiles with PCl and PC2 explaining 88% and 5% the total variation, 
respectively. The March-May samples with large negative PCl scores were clearly separated 
from those of July-October with positive scores. Figure 4.2A shows a transition in the whole 
community FAME profiles from the spring to the summer months with the PCl scores of the 
early June samples increasing towards zero. 
For the second year of sampling, we analyzed 98 whole community FAME profiles for the 
SLAG system. In the PCA plot for this year (Figure 4.2B), PCl and PC2 accounted for 96% 
and 1 % of the variation , respectively. The November samples had PCl scores between zero 
and -10 decreasing towards values between -15 and -30 for the December 1997 through May 
1998 samples; such a pattern indicates a transition in the whole community FAME profiles. 
There was no gradual transition from the spring to summer community profiles seen in SLAG 
samples from this year. However, because samples were only collected once in the month of 
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May, it is possible that we missed the transition period during this year. Based on visible 
observation of a pink/purple color and bacterial chlorophyll measurements (Do et al., 1998), 
the phototrophic bloom in PLAG and SLAG began in June and lasted through the fall in both 
1997 and 1998. 
For both years, principal component analysis of the SLAG showed high eigenvectors for 
16:1w7t/15:0iso 20H (sum4), 18:1w7c/w9t/w12t (sum7) , 18:1w7t and 18:0 in principal compo-
nent one (Table 4.1). During the summer months, SLAG profiles had low relative amounts of 
the fatty acid 18:0 and no 18:1w7t while there were high relative amounts of sum7 and sum4 
group of fatty acids. This trend began to reverse in the fall with the appearance of 18:1w7t and 
the relative amount of 18:0 beginning to rise at the same time that the relative proportions of 
sum4 and sum7 began to decrease. The similarity between the magnitude of the eigenvectors 
for both years shows that the fatty acid changes throughout the seasons were similar from year 
to year. Principal component analysis of all SLAG samples also showed the spring community 
well distinguished from the summer community based on high eigenvector values for sum4, 
sum7, 18:1w7t and 18:0 (Figure B.2). 
Single-stage phototrophic lagoon (SF-LAG) 
Principal component analysis of the single-stage phototrophic earthen lagoon (SF-LAG) 
samples from March to October 1997 is shown in Figure 4.3A. The analysis was based on 73 
community FAME profiles with PCl explaining 89% of the total variation and PC2 adding 
another 4%. T he samples from March through May had high negative scores for principal 
component one while those profiles from the last half of June to the first part of October had 
PCl scores of ten or greater. The June 3rd samples were fairly different from one another 
with one having negative scores and the other having close to zero scores, which is indicative 
of spatial heterogenaity during this sampling period. The SF-LAG 1997 samples from the end 
of October also had PCl values close to zero. The June and October samples may represent 
transition profiles between two different established microbial communities. 
The PCA plot of the second year of our study (Figure 4.3B) is comprised of 70 whole 
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community FAME profiles. Principal component one and two accounted for 93% and 3% of 
the variation, respectively. The November 1997 profiles clustered in the center of the graph 
with scores of approximately zero. The December 1997-May 1998 samples all had negative 
PCl values whereas the July-August 1998 profiles all had positive values. As with the SLAG 
system during the second year of our study (Figure 4.2B), we did not observe a transition 
from negative to positive scores in the spring of 1998 which is probably because we sampled 
only once in May. In June of 1997 and 1998, the slurry of SF-LAG turned a pink color, which 
suggests t hat this system also experienced a phototrophic bloom although we have no bacterial 
chlorophyll measurements from SF-LAG. 
The important fatty acids t hat contribute to t he differentiation of t he whole community 
profiles along the first principal component axis of the SF-LAG plots are 16:1w7t/15:0iso 20H 
(sum4) , 18:1w7c/w9t/w12t (sum7), 18:1w7t, 16:0 and 18:0 (Table 4.1). During the summer 
months, SF-LAG samples had a high proportion of the sum4 and sum7 groups of fatty acids 
compared to the relative amount of 18:1w7t and 18:0 fatty acids. This trend began to reverse 
in the fall with higher amounts of 18:1w7t and 18:0 and lower amounts of sum4 and sum7 
resulting in more negative PCl scores. The similarity of the eigenvectors values for both years 
suggests that t he fatty acid changes within a season were similar from year to year in the 
SF-LAG system. The PCA plot of all of the SF-LAG samples collected in both years shows 
the same general shifts due to the same set of fatty acids (Figure B.3). 
Concrete basin (BASN) 
Principal component analysis of the whole community FAME profiles from the concrete 
basin system (BASN) suggests that there is seasonal variation in the microbial community 
structure of this system (Figure 4.4). In the principal component analysis of samples from 
both years, PCl accounted for 76% of t he variation and PC2 accounted for an additional 12% 
of the total sample variation based on a data matrix of 115 FAME profiles. This system was 
emptied in the early part of December 1997, and the slurry level was too low for us to sample 
until the end of April 1998. In both sampling years, the spring samples had negative PCl scores 
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community fatty acid profiles from a concrete basin . 6. 
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whereas the July-December samples had positive PCl scores. The June 1997 samples were 
most similar to the spring samples of both years whereas the J une 1998 samples were most 
similar to the summer/fall/winter samples. Unlike the phototrophic systems, in the BASN 
there was no observable difference in the color or consist ency of the slurry at different times of 
the year. 
The fatty acids that contribute the most to the variation in the first principal component 
in t he plot of t he BASN samples (eigenvector values in parentheses) are 18:0 (0.82) , 18:1w7t 
(-0.40), 16:0 (0 .24), 18:1w6,9c/18:0 ante(sum6) (-0.20) , 18:1w9c (-0.16), and 20:0 (-0.16). In 
both years, the BASN's spring whole community FAME profi les had less 18:0 and 16:0 and 
more 18:1w7t, sum6 , 18:1w9c and 20 :0 compared to the profiles for the rest of the year. Al-
though the fatty acids 18:0 and 18:1w7t explained temporal variability in both the phototrophic 
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lagoons and the BASN, in the BASN system the two were negatively correlated whereas in the 
phototrophic systems these two fatty acids were positively correlated. Separate principal com-
ponent analyses for each year showed the same general patterns as when all the samples were 
combined (compare Figure 4.4 with Figure B.4 in Appendix B). The same set of fatty acids 
accounted for most of the variation in PCl even when both years were analyzed separately 
(Table B.l). 
Single-stage non-phototrophic lagoon (OL-LAG) 
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Figure 4.5 Principal component plot of the seasonal distribution of 
whole community fatty acid profiles from a non-phototrophic 
single-stage lagoon. x November 1997-February 1998, 6 
March-May 1998, • June-August 1998 
The single stage non-phototrophic lagoon (OL-LAG) was only sampled during the second 
year of our study. Principal component analysis of the 59 whole community fatty acid profiles 
generated from this system showed no apparent temporal changes in community structure 
during the sampling season (Figure 4.5). We did not observe any change in slurry consistency 
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or color while sampling. The farmer who owns this lagoon stated that in the five years that 
he has used the lagoon he has never seen the appearance of any purple color which suggests 
that a phototrophic bloom has not occurred in this waste storage system. 
Marker fatty acids 
Whole community lipid analysis has the potential to identify signature fatty acids as possi-
ble indicators of specific in situ changes in the microbial community structure within particular 
habitats (Sundh et al., 1997; Cavigelli et al., 1995). Principal component analyses of various 
outdoor storage systems indicated that the fatty acids 18:1w7t, 18:0, 16:1w7c/15:0 iso 20H 
(sum4) and 18:1w7c/w9t/w12t (sum7) were important in distinguishing among microbial com-
munities in different waste storage systems (Chapter 3) as well as showing differences in the 
microbial communities during different times of the year within a particular system. These 
four fatty acids exhibited distinct seasonal trends in their relative abundance within the pho-
totrophic systems (Figures 4.6 and 4.7). In each of the phototrophic systems (PLAG, SLAG, 
SF-LAG), 18:1w7t and 18:0 were positively correlated with one another as were the sum4 and 
sum7 fatty acid groups; however sum4 and sum7 each were negatively correlated with both 
18:1w7t and 18:0 (Table 4.1). In the spring within the phototrophic systems, the amount of 
18:1w7t and 18:0 began to decreases as the amounts of sum4 and sum7 increased (Figures 4.6 
and 4.7). During the early summer, 18:1w7t and 18:0 reached their lowest levels with 18:1w7t 
becoming undetectable (Figures 4.6 and 4.7). By late in the summer, sum4 and sum7 reached 
their maximum levels and comprised between 50%-60% of the total fatty acid profiles of the 
phototrophic systems (PLAG, SLAG, and SF-LAG). In the BASN and OL-LAG systems, sum4 
and sum7 were rarely detected and when detected contributed less than 5% of the total FAME 
profile.The fatty acids 18:1w7t and 18:0 remained relatively constant in the OL-LAG profiles 
and account for a combined total of approximately 55% of the fatty acid profile. These same 
fatty acids comprised between 40-60% of the BASN system and showed a slight seasonal trend. 
In some microbial species, changes in the amount of saturated, unsaturated or branched-
chain fatty acids within the cell are strongly related to changes in growth conditions, partic-
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ularly growth temperature. The two most common changes in cellular lipid composition as a 
result of different growth temperatures are an increase in the ratio of saturated:unsaturated 
fatty acids (Harwood and Russell, 1984; Rose, 1989) and an increase in the ratio of iso:anteiso 
branched-chain fatty acids (Kaneda, 1991; Petersen and Klug, 1994) as the growth tempera-
ture increases. These fatty acids have different phase transition temperatures and therefore, 
their contribution to membrane fluidity differs under various growth temperatures (Petersen 
and Klug, 1994). Table 4.2 shows the ratios of various groups of fatty acids during the different 
seasons of our two year study. For the phototrophic systems (PLAG, SLAG, and SF-LAG), 
the ratios of both saturated:unsaturated and iso-:anteiso-fatty acids were highest in the spring 
and winter months which is not what would be expected if seasonal differences in fatty acids 
profiles were due to an increase in growth temperature. In the BASN system, the satu-
Table 4.2 Average seasonal ratios of fatty acids from anaerobic swine waste storage systems 
that are indicative of growth temperature changes. 
Seasona and year BASN OL- PLAG SLAG SF- Average 
LAG LAG slurry 
tem erature 
Saturated:unsaturated fatty acids b 
Spring 1997 l.28a c 2.78c l.62b l.83c 10°c 
Summer 1997 2.08bc l.16a 0.7la 0.67a 23°C 
Fall 1997 3.61d l.23a 0.59a 0.62a 20°c 
Winter 1997-1998 2.63c 3.57a 2.2lb l.78b l.27b 3°C 
Spring 1998 l.54ab 3.68a 2.73c 2.85c 2.25d ll°C 
Summer 1998 3.50d 3.98b l.08a 0.60a 0.58a 24°C 
Iso-:anteiso-fatty acidsb 
Spring 1997 0.89bc 0.86a 0.59ab 0.53ab l0°C 
Summer 1997 0.48a 0.75a 0.66ab 0.33a 23°C 
Fall 1997 0.63ab 0.86a 0.6lab 0.5lab 20°c 
Winter 1997-1998 0.60ab 0.56a 0.88a 0.77b 0.67bc 3°C 
Spring 1998 l.04c 0.80b l.04b 0.77b 0.78c ll°C 
Summer 1998 0.67ab 0.79b 0.74a 0.56a 0.53ab 24°C 
0 Spring: March-May. Summer:June-July. Fall: August-October. Winter: November-February 
bMeans with different letters within a column are significantly different(P< 0.05 , Tukey's honestly sig-
nificant difference). 
c_ : This system was not sampled during this season 
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rated:unsaturated ratio was the highest in the fall of 1997 and the summer of 1998 which 
may suggest a seasonal temperature effect. However in this same system, the third high-
est saturated:unsaturated ratio occurred in the winter months, and the branched-chain ratios 
were highest during the spring of both years which does not support a temperature effect on 
the fatty acid composition of the microbial community. In the 01-LAG system, the satu-
rated:unsaturated ratio and the iso:anteiso ratio were significantly higher in the summer and 
spring/ summer, respectively. This suggests that some of the variation in this system's micro-
bial community FAME profiles was due to growth temperature although no seasonal patterns 
were observed . 
Fatty acid analysis of purple non-sulfur photosynthetic bacteria 
Some earthen swine waste storage lagoons exhibit a bloom of purple non-sulfur photosyn-
thetic bacteria during the summer (DiSpirito et al., 1995; Do et al., 1998). Such a bloom could 
result in the microbial community being primarily comprised of these organisms and strongly 
influence the community level FAME profile. We examined the fatty acid profiles of purple 
non-sulfur photosynthetic bacteria isolated from PLAG and SLAG to assess a possible rela-
tionship between the fatty acid profile of these phototrophs and the whole community FAME 
profiles of the swine waste storage systems. These isolates were identified as belonging to the 
genus Rhodobacter by the Microbial Identification System (MIDI, 1996) and were most closely 
related to R. sphaeroides (similarity index ranging between 0.45 and 0.80). The majority of 
the whole community fatty acid pool of these isolates was comprised of the 18:1w7c/w9t/w12t 
(sum7) group of fatty acids with only minor amounts of 18:0 and sum4 and no 18:1w7t (Ta-
ble 4.3). Purple non-sulfur photosynthetic bacteria have the ability to grow phototrophically as 
well as heterotrophically. The preponderance of sum7 in the fatty acid profiles of the purple 
non-sulfur isolates corresponded to the large amount of sum7 in the whole community FAME 
profiles during the summer. In summer, when bacterial chlorophyll values peaked (Do et al., 
1998), the sum7 group of fatty acids accounted for 20-30% of the total fatty acid profile in the 
phototrophic lagoon systems (Figure 4.7). Because sum7 was identified as a major component 
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Table 4.3 Fatty acid composition of cultured isolates of purple non-sulfur 
photosynthetic bacteria obtained from PLAG and SLAG. 
10:0 16:0 18:0 16:1w7c/15:0 18: lw 7c/w 9t/ 19:0 cyclo/2 
30H iso 20H (sum4) w12t (sum7) unknown 
FAMEs(sum9) 
4.0%a 0.9% 2.4% 1.6% 92.1% 1.3% 
(0.41)b (0.00) (0.25) (0.11) (1.81) (0.17) 
a Average of n=9. 
bStandard deviation of each average value is in the parentheses. 
of the slurry FAME profiles when the purple non-sulfur bacteria were growing phototrophi-
cally as well as when the purple non-sulfur isolates were grown heterotrophically, it is unlikely 
that the dramatic increase in sum7 that we observed in the summer months was due to the 
organisms switching from heterotrophic to phototrophic growth. 
Discussion 
Our results indicate that there were seasonal differences in the microbial communities 
of a single-stage phototrophic lagoon, both stages of a two-stage phototrophic lagoon, and a 
concrete basin system. We observed similar seasonal changes in microbial community structure 
within these systems in two consecutive years. Overall, the shifts in the relative amounts of the 
fatty acids that contribute to the majority of the seasonal variation showed the same trends 
in both years (Figures 4.6 and 4.7), and the similarity in the magnitude of t heir eigenvector 
values was similar from year to year (Table 4.1 and B.l). Except for OL-LAG which was five 
years old, these storage facilities had been in operation for over ten years. Waste was added to 
each system on a regular schedule and removed around the same time each year. During the 
two years of our study, there were no major changes in the number or type of animals housed 
at these confined swine production operations. Therefore, it may not be surprising that we 
observed similarities in the structure of the communities from year to year. 
In temperate climates, a major factor that could influence seasonal variation in the lipid 
composition of the microbial community is the ambient temperature of their environment . 
Laboratory studies have shown that many species of microorganisms modify their membrane 
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lipids in response to temperature (Harwood and Russell,1984; Kaneda, 1991; Rose, 1989). In 
response to increasing temperatures, microbial species with high proportions of branched chain 
fatty acids increase the amount of iso-fatty acids while decreasing the amount of anteiso-fatty 
acids (Kaneda, 1991). For some microbial species (eg. various Bacillus sp. and Escherichia 
coli), the ratio of saturated to unsaturated fatty acids increases as the growth tern perature 
increases (Harwood and Russell, 1984; Rose, 1989). Such changes in lipid composition are the 
result of lipid turnover and new lipid synthesis, which is continually occurring during cellular 
metabolism and division (Harwood and Russell, 1984; Petersen and Klug, 1994; Vestal and 
White, 1980). Therefore, changes in whole community fatty acid profiles could be the result 
of either changes in the community members or production of different cellular fatty acids 
by the same microorganisms as they grow under changing environmental conditions. For the 
phototrophic lagoon systems, our analysis of the ratio of branched chained fatty acids and 
saturated to unsaturated fatty acids indicated that the environmental temperature was not 
a major factor influencing the seasonal differences in the whole community FAME profiles. 
In the concrete basin system, the ratio of saturated to unsaturated fatty acids suggests that 
the seasonal variation observed for this system may be due to a similar microbial community 
growing under different temperatures though analysis of the shifts in the ratio of two types of 
branched chained fatty acids does not support this. 
Principal component analysis of whole community lipid profiles of other microbial habitats, 
such as freshwater sediments (Langworthy et al., 1998), shallow-water marine sediments (Find-
lay and Watling, 1988), and soils with different agricultural management practices (Bossio et 
al., 1998), has suggested that seasonal effects were a major factor in explaining the variation 
seen in the microbial community from a particular environment within temperate climates. 
However, seasonal changes in microbial communities have not been observed in all ecosystems 
as the lipid analysis of peatland microbial communities did not show seasonal changes (Sundh 
et al., 1997). Langworthy et al. (1998) performed phospholipid fatty acid analysis (PLFA) on 
river sediment microbial communities both upstream and downstream from a wood processing 
plant that had been illegally discharging creosote into the river. They collected samples in 
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December, April and July, and principal component analysis revealed the FAME profiles of 
samples collected in July clustered separately from those collected in April and December along 
PC2 which explained 21 % of the total variation. Both PCl and PC3 were needed to separate 
the microbial communities upstream from those downstream of the discharge site. Our results 
support the suggest that seasonal changes in the microbial community of some anaerobic swine 
waste systems was the most important factor in explaining the variation in whole community 
FAME analysis in this environment. Principal component analyses of PLAG, SLAG, SF-LAG 
and BASN revealed that PCl explained over 75% of the variation throughout the year within 
each system and separated the microbial communities on a seasonal basis. (Figures 4.2, 4.1, 4.3 
and 4.4). 
Cavigelli et al. (1995) found that 21:0 iso was a unique fatty acid that, along with other 
fatty acids, explained spatial variation in microbial communities found in soil within a corn 
field. They acknowledge that the group of organisms or species that accounted for the presence 
of this particular fatty acid was not yet known; however, they propose that it could be a marker 
fatty acid for the soil communities they examined . Both Cavigelli et al. (1995) and Sundh et 
al. (1997) suggest that marker fatty acids may be specific to certain ecosystems. In the pho-
totrophic lagoon systems, 18:1w7t, 18:0, 16:1w7c/15:0 iso 20H and 18:1w7c/w9t/w12t showed 
distinct seasonal trends in their relative abundance (Figures 4.6 and 4. 7) . These same fatty 
acids also were important in distinguishing community FAME profiles among systems (Chap-
ter 3). Because they were important for both comparison of among and within swine waste 
storage systems, 18:1w7t, 18:0, 16:1w7c/15:0 iso 20H and 18:1w7c/w9t/w12t are promising 
candidates for signature fatty acids that could be used in future studies examining the sea-
sonal variation as well as the effects of management practices on microbial community structure 
within this type of ecosystem. 
In whole community fatty acid analyses, there are inherent limitations in attempting to link 
specific fatty acids to particular community members (Haack et al., 1994) because the same 
fatty acids are found in many different microbial species (Cavigelli et al., 1995; Franzmann et 
al., 1996). Despite these difficulties, the marked increase in the sum7 group of fatty acids during 
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the summer in the phototrophic lagoons, combined with the observation that this particular 
fatty acid group is the major component of phototrophs isolated from these systems, suggests 
that the sum7 fatty acid group could be a marker for the purple non-sulfur phototrophs in 
anaerobic swine waste lagoons. The corresponding increase in the amount of sum4 during the 
summer months cannot be attributed to the increase in phototrophic bacteria because this fatty 
acid does not contribute significantly to phototrophs fatty acid profile (Table 4.3). This increase 
in sum4 must be due to an increase in the abundance of one or more other microbial species. 
We detected and increase in the amount of sum7 before there was a detectable increase in the 
amount of bacterial chlorophyll (Do et al., 1998) and prior to the visible observation of a bloom. 
Therefore, whole community FAME analysis may be more sensitive than bacterial chlorophyll 
measurements for detecting a potential increase in the population size of phototrophs in these 
anaerobic phototrophic lagoons. Other researchers have found that fatty acid analysis was 
equally or more sensitive than assays, such as respiration kinetics, for detecting microbial 
community changes in response to environmental perturbations (Baath et al. 1998; Bossio et 
al., 1998; Frostegard et al., 1993; Macalady et al., 1998). 
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5 SEASONAL CHANGES OF ODOR INDICATOR COMPOUNDS 
WITHIN ANAEROBIC SWINE WASTE STORAGE SYSTEMS 
During the second year of our study, we examined the slurry concentrations of malodor in-
dicator compounds within different anaerobic swine waste storage systems. In the phototrophic 
lagoon systems, we observed seasonal variation in the presence and amounts of both phenols, 
indoles, and short chain acids whereas no seasonal differences in these compounds were de-
tected in either the non-phototrophic lagoon or the concrete basin. Also, we compared the 
seasonal variation in the concentration of the phenols and indoles with the changes in the fatty 
acids that were important for differentiating among microbial community st ructures within 
phototrophic lagoon systems. 
Volatile short chain acids 
We were not able to reliably quantify the amount of volatile short chain acids due to 
high variability in acid recovery (coefficients of variation > 50%). Despite these difficulties, 
our results do suggest there were qualitative differences in the amount of these compounds 
present in the different swine waste storage systems. For example, in the non-phototrophic 
BASN and 01-LAG systems, the concentration of the short chain fatty acids was generally 100 
fold greater than that of the phototrophic lagoons (data not shown). For all of the systems, 
acetic, propionic, and butyric acids together comprised greater than 65% of the total volat ile 
acids detected. However, the concentration of short chain volatile fatty acids decreased to 
undetectable levels during the summer within the phototrophic lagoons but not within the 
concrete basin or non-phototrophic lagoon (Table 5.1). 
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Table 5.1 Qualitative assessment of the presence of volatile fatty acids in 
anaerobic swine waste systems. 
Month Short chain volatile acidsa 
1998 C2 C3 C4 Cs c6 C7 
OL-LAG 
January xb x x x ndb nd 
February x x x x x x 
March b 
April x x x x x x 
May 
June x x x x x x 
July x x x x x x 
BASN 
January 
February 
March 
April x x x x x nd 
May x x x x x x 
June x x x x x x 
July x x x x x x 
PLAG 
January x x x x nd nd 
February x x x x x nd 
March x x x x x x 
April x x nd nd nd nd 
May-July No short chain volatile acids detected. 
SLAG 
January 
February x x x x x nd 
March x x nd nd nd nd 
April x nd nd nd nd nd 
May-July No short chain volatile acids detected. 
SF-LAG 
January x x x x nd nd 
February x x x x nd nd 
March x x nd nd nd nd 
April x nd nd nd nd nd 
May-July No short chain volatile acids detected. 
°C2 : Acetic; C3: Propionic; C4: iso-Butyric and Butyric; Cs : iso-Valeric and Valerie; C6: iso-Caproic 
and Caproic; C1: Heptanoic 
bX indicates that a particular acid was detected.; nd indicates that a particular acid was not detected.; 
- indicates that no samples were collected. 
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Phenols and indoles 
We observed a dramatic seasonal variation in the concentration of phenol, p-cresol, 4-ethyl 
phenol, indole and 3-methyl indole in the phototrophic lagoon systems (Figures 5.1 and 5.2). 
There was an increase in the amount of phenols and indoles during the winter months followed 
by a decrease to low or non-detectable levels in June and July. We have no explanation 
for the temporary increase in the concentrations of these compounds in early June in both 
stages of the two-stage system. Unfortunately in the BASN and OL-LAG systems, we were 
unable to reliably quantify the phenols and indoles due to potential saturation of the solid 
phase extraction columns while concentrating the slurry from these non-phototrophic systems. 
However qualitative assessment of the relative concentrations of phenolic compounds suggests 
that these compounds have higher concentrations within the slurry of the non-phototrophic 
systems than within the slurry of the phototrophic systems. 
While the seasonal trends in the concentration of phenols and indoles in t he phototrophic 
systems showed similar patterns, the maximum amount of each ranged from 0.8 mg/I for indole 
and skatole to 15-20 mg/L for p-cresol (Figures 5.1 and 5.2). p-Cresol comprised approximately 
80% of the total phenolic pool in the slurries of PLAG, SLAG, SF-LAG. Qualitatively, in the 
OL-LAG slurry samples, p-cresol also had the highest relative concentration while in the BASN 
slurry, the relative concentration of phenol was consistently higher than or equal to that of 
p-cresol, accounting for 40-65% of the total concentration of phenols and indoles. 
Relationship between phenolics and marker fatty acids 
In the phototrophic lagoons, there is a strong correlation between the relative abundance of 
the four marker fatty acids identified from principal component analyses and the concentration 
of malodor indicator compounds present in the liquid manure. The appearance of detectable 
concentrations of phenols and indoles corresponded with the appearance of 18:1w7t in the whole 
community FAME profiles of in the winter (Figure 5.3A). In the spring, the amount of 18:1w7t 
and the total phenolic concentration decreased to near undetectable levels. A similar trend was 
also observed for 18:0 with its relative amount decreasing from 30% to 5% of the total fatty 
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acids during the late spring (Figure 4.6). Conversely, the sum7 (18:1w7c/w9t/w12t) group, 
which comprises 92% of the Rhodobacter isolates' whole cell fatty acid profile, was negatively 
correlated with the amount of phenols and indoles. For all the phototrophic systems during 
1998, the amount of the sum7 fatty acid group was the highest when the phenolic concentrations 
were the lowest (Figure 5.3B). Similarly, the sum4 group exhibited a negative correlation with 
the concentration of phenols and indoles in the slurry (compare Figure 4.7 with Figure 5.3). 
Discussion 
Our results indicate that there were differences in the concentrations of malodor indicator 
compounds in the slurry of various swine waste storage systems. The non-phototrophic sys-
tems (OL-LAG and BASN) had greater amounts of these compounds than the phototrophic 
systems (PLAG, SLAG, and SF-LAG). We also observed a seasonal pattern in the concen-
tration of volatile fatty acids, phenols and indoles within the phototrophic lagoons with high 
concentrations of these compounds in the slurry during the winter and then low to undetectable 
levels by the beginning of summer. The relative proportion of the different short chain fatty 
acids in the slurry of the outdoor systems we studied were similar to those reported for slurry 
from pits underneath swine buildings (Bourque et al., 1987; Yasuhara and Fuwa, 1983; Yu et 
al., 1991; Zahn et al., 1997). In these studies, acetic, propionic and butyric were also the major 
short chain fatty acid compounds detected. In our study, the relative slurry concentrations of 
phenols and indoles during the winter months in the outdoor lagoon systems were similar to 
those reported by others for swine waste storage pits (Bourque et al., 1987; Spolestra, 1977; 
Yasuhara and Fuwa, 1983; Yu et al. , 1991). In general, we observed that the p-cresol con-
centrations were typically 2 to 10 times greater than phenol and 4-ethyl phenol. However, in 
the BASN syst em, the relative phenol concentration was equal to or higher than the relative 
amount of p-cresol. Our results of the BASN system concur with those published earlier for 
this system (Zahn et al. , 1997) where the amount of phenol > p-cresol > 4-ethyl phenol > > 
3-methyl indole > indole. In the slurry of pits underneath swine buildings, skatole (3-methyl 
indole) concentrations are typically 5 to 10 times greater than that of indole (Spolestra, 1977; 
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Yasuhara and Fuwa, 1983; Yu et al., 1991 ) . Our results for all of the systems show a similar 
relationship with 3-methyl indole concentrations higher than those of indole. 
Little is known about the seasonal variation in the concentrations of malodorous compounds 
in swine waste storage systems. Koelliker and Miner (1973) suggest that in anaerobic lagoons 
odors are greatest after a spring thaw because of a rapid breakdown of organic material that 
leads to the production of short chain volatile acids. Once the temperature becomes warmer, 
methanogens use these short chain volatile acids to produce methane, and consequently, there 
is a decrease in the odor levels. In our study, the lagoons were completely thawed by early 
April yet we did not detect a dramatic increase in the slurry concentration of malodorous 
compounds. In fact we observed a steady decrease in the concentration of these compounds 
within the phototrophic lagoon systems. This different pattern may be specific to the nature of 
the microbial communities and their activities within the lagoons we studied. Alternatively, it 
is possible that we were unable to detect an increase in the slurry concentration of short chain 
fatty acids in the late spring because of an enhanced rate of volatilization of these compounds 
into the air as the lagoon and air temperatures became warmer. However in PLAG/SLAG 
in 1998, the seasonal pattern of the slurry concentrations of phenols, indoles, and short chain 
volatile acids were similar to the seasonal pattern of the air concentration of these compounds 
during the spring and summer of 1997 (Do et al. , 1998). This suggests some correlation between 
the slurry of malodorous compounds and the air concentration of these same compounds. 
It is commonly stated by farmers that the odor is less offensive around the earthen lagoons 
once the pink/purple color develops in the summer (Do et al., 1998). The decrease in the con-
centration of malodorous chemicals coinciding with a bloom of purple non-sulfur phototrophic 
bacteria (Figure 5.3) suggests that there is a relationship between the increase in population 
size of the phototrophs and a decrease in odor emissions. One possible explanation is that the 
metabolic activity of the phototrophs directly effects the concentration of short chain volatile 
acids, phenols and indole. Do et al. (1998) have preliminary results indicating that isolates 
from the PLAG and SLAG lagoon do degrade short chain acids and phenols in the laboratory. 
Phototrophic bacteria isolated from a stream have been successfully used as an additive to 
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deodorize swine sewage in laboratory scale experiments; successful deodorization was reported 
due to the removal of volatile fatty acids (Lee and Kobayashi, 1992). However, predicting field 
responses based on the results of laboratory studies is often difficult. In the lagoons, that we 
studied it is possible that the phototrophic bloom coincided with an increase in another group 
of microorganisms and that these organisms, rather than the phototrophs, are involved in the 
consumption of malodorous compounds within the slurry. 
Beside microbiological processes, there is likely to be some relationship between the physical 
characteristics and the management practices of the systems and the odor emissions. Relatively 
few studies have been reported that examine the effect of various physical characteristics of 
the storage systems on odor emissions. Hobbs et al. (1995a), using a chamber for controlled 
sampling of air around a 200L sample of manure, found greater concentrations of phenols, 
indole and volatile acids in swine manure with high total solids than in a slurry with low total 
solids. Furthermore, the air concentrations of short chain volatile acids, p-cresol and 4-ethyl 
phenol were also lower from the slurries with lower total solids. However, although the slurry 
concentration of phenol in the high solids manure was ten-fold greater than in the low solids 
manure, the air concentration was equivalent . The air concentration of indole was higher over 
the slurry with a low organic content even though the slurry concentration of indole was ten 
times less than that of the slurry with high organic content. These observations illustrate 
the complex nature of the relationship between the solution and gas-phase concentration of 
these volatile organic compounds. We observed a similar pattern in the slurry concentration 
of malodorous compounds because the systems (OL-LAG and BASN) with the highest total 
solids concentrations also had higher amounts of volatile acids, phenols, and in doles than those 
systems with lower total solids (PLAG, SLAG, SF-LAG). However, while there is a seasonal 
trend in the concentration of malodorous compounds in the phototrophic systems, we did not 
observe a similar seasonal change in the solids content. 
Perception of odor offensiveness is often different depending on the source, the time of year, 
and the individual detecting the odor (Lohr, 1995; Thu and Durrenburger, 1995). During sam-
ple collection, we observed that different storage systems had different odor characteristics and 
70 
that offensiveness varied from site to site and throughout the year. Although it is difficult to 
directly relate manure concentrations of volatile malodorous compounds to their air concentra-
tions, there is a general correlation between the two (Hobbs et al. , 1995a; Zahn et al. , 1997). 
Consequently, differences in the chemical profile of the slurry of different systems may relate 
to the perceived differences in odor offensiveness among systems. Zahn et al. (1997) suggest 
that there may be dramatic differences among the microbial and chemical characteristics of 
different waste storage systems that are sources of malodors and that these differences relate to 
differences in odor emissions. Our results indicate that the relative amounts of representative 
malodorous compounds as well as the microbial community are different in various systems as 
well as being different seasonally in the phototrophic systems. 
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6 CONCLUSIONS AND FUTURE DIRECTIONS 
Summary of results 
Whole community FAME analysis provides a tool to assess the differences in microbial 
community structure among swine waste storage systems as well as the seasonal variation in 
community structure within a single waste storage system. Principal component analysis and 
differences in the relative proportion of marker fatty acids showed that distinct microbial com-
munities existed within the different types of storage systems studied. We have identified the 
predominant fatty acid (18:1w7c/w9t/w12t) in Rhodobacter isolates from phototrophic swine 
waste lagoons and found that changes in the relative abundance of this fatty acid corresponded 
to a phototrophic bloom within these lagoons. This suggests that there was a large increase in 
the population of phototrophs, and these purple non-sulfur photosynthetic bacteria were one 
of the dominant community members during the summer. Similarly, analysis of FAME profiles 
from each of the phototrophic lagoons showed that the seasonal changes in the community 
structure correlated to a corresponding seasonal trend in the proportion of malodor indicator 
compounds in the slurry of these same systems. There also appeared to be a shift in the mi-
crobial community within the concrete basin system that may be due to changes in bacterial 
lipids in response to temperature changes. In this system and the non-phototrophic lagoon 
system we did not observe significant change in the slurry concentration of malodorous com-
pounds. Our work contributes a small piece to establishing a relationship between changes in 
the microbial community to changes in malodor emissions from certain anaerobic swine waste 
storage systems and has provided a base for further research. Clearly additional information is 
needed to better understand the relationship between the microbial community structure and 
the emissions of malodorous compounds from anaerobic waste storage systems. Several key 
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questions that need to be addressed are discussed in the remaining portion of this chapter. 
More extensive sampling of a variety of waste storage systems 
In order to better understand the relationship between odor emission and microbial com-
munity structure and function, it will be necessary to sample large numbers of waste storage 
facilities under a variety of management practices. Such extensive sampling necessitates rapid , 
inexpensive methods to provide information on the microbial community and the malodor-
ous compounds. Whole community fatty acid analysis is a relatively inexpensive, automated 
tool for detecting in situ microbial community differences among swine waste storage systems 
as well as temporally within these systems. Specifically, more information is needed on the 
microbial community lipid profiles within different types of storage systems, such as both pho-
totrophic and non-phototrophic lagoons, single-stage and two-stage lagoons, concrete basins 
and pits beneath the buildings, as well as systems receiving waste from different types of swine 
feeding operations, such as farrowing, growing and finishing herds. These studies would allow 
us to establish whether the microbial community differences we observed are specific for the 
particular systems we studied or reflect general differences among swine waste storage systems. 
Further characterization of the microbial community within anaerobic swine 
waste storage systems. 
Whole community FAME analysis has provided a tool for examining trends in the popu-
lation of purple non-sulfur photosynthetic bacteria within phototrophic swine waste lagoons. 
However, there are certainly other microorganisms besides phototrophs involved in the pro-
duction and reduction of malodorous compounds within these and other swine waste storage 
systems. While whole community FAME provides a broad representation of microbial com-
munity structure, other methods of community characterization, such as culturing organisms 
and gene probing, also need to be ut ilized to further characterize the microbial populations 
within these environments. Our laboratory has begun the laborious process of cult uring and 
identifying microorganisms from these swine waste storage systems. Many of the isolates were 
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not identified after cellular fatty acid analysis and comparison to the MIDI database. How-
ever , t hese results do not necessarily indicate that t he community has unidentifiable species 
rather that this particular database may be skewed towards clinical rather than environmental 
isolates. Even so, among the isolates that were identified there appears to be no seasonal trend 
in abundance of particular species. 
Young Do and Dr. Alan DiSpirito (Department of Microbiology, Iowa State University) 
are working on developing a 16SrRNA probe for the phototrophs found in the slurry of PLAG 
and SLAG and plan to use this as a tool along with probes for other groups of organisms, 
such as methanogens and various prokaryotic groups, to examine the microbial community 
structure of this system. Other DNA based methods, such as techniques utilizing PCR to 
amplify particular D NA sequences within the microbial community to provide a community 
level genetic fingerprint , could be used to compare similarities and differences among systems 
or seasonally within systems to provide an independent technique for describing community 
structure. Such analysis of the BASN system could help to elucidate whether the seasonal 
shift in the fatty acid profiles highlighted by PCA are due to changes in microbial community 
members or a similar set of microorganisms growing under different environmental conditions. 
More research on the relationship between microbial community structure 
and odor emissions 
Zahn et al. (1997) hypothesized that t he malodor emission profile from any particular 
livestock waste storage systems would be relatively unique due to unique microbial community 
associated with each system. Our research has provided preliminary evidence that there is a 
relationships between the microbial community structure and t he variations in t he concentra-
t ion of malodorous compounds within the slurry of anaerobic swine waste storage systems. We 
believe that the correlat ion between the dominant fatty acid in Rhodobacter isolates and the 
concentration of malodorous phenolic compounds shown in this study provides a first step in 
relating changes in t he microbial community to changes in the concentration of malodorous 
compounds within anaerobic swine waste storage systems. However, once a more detailed char-
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acterization of the community is complete, relationships between particular metabolic activity, 
such as production and degradation rates of volatile organic acids, phenols and indoles, and 
individual species or consortia of organisms can begin to be established. 
Examination of the management factors affecting odor production 
Our results indicate that it may be possible to use whole community FAME profiles as 
indicators of the type of microbial community within swine waste storage systems. Future 
avenues of research could utilize whole community FAME profiles to evaluate hypotheses and 
experiment with specific management regimes in laboratory microcosms to further examine the 
physical, chemical, and microbiological characteristics that cause varying levels of malodorous 
compounds. For example, changes in the pH, temperature or solids levels of the slurry could be 
made and the resulting changes in the microbial community and malodor production measured. 
Results from laboratory experiments could suggest changes to full scale systems that may 
significantly decrease the compounds contributing to odor pollution from particular swine 
waste storage systems. Though much more research is needed, we have shown that it is 
possible to establish a relationship between the in situ microbial community structure (FAME 
profiles) and the type and amounts of malodors (indicator compounds) produced in a waste 
system. Together, these techniques could be a powerful tool for researchers, regulators and 
producers as a predictor of the effectiveness of various waste management practices on the 
control of odor production. 
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APPENDIX A ADDITIONAL AMONG SYSTEM PRINCIPAL 
COMPONENT ANALYSES 
The trends seen for t he following principal component analyses support the conclusions 
discussed in Chapter 3. As in Chapter 3, we used data matrices composed of the same fatty 
acids and set the length of t he axes of all graphs to be the same. In general, principal component 
analysis showed that the microbial community structure of the non-phototrophic (BASN, OL-
LAG) and phototrophic (SF-LAG, PLAG, SLAG) systems were clearly distinguishable from 
each other during the summer and fall months (Figures 3.6, A.l, A.2, A.5, and A.3) . During 
the winter and spring months, the phototrophic lagoons' profiles were more similar to BASN 
and OL-LAG (Figures 3.5, 3.7, A.4). 
June 1997 
For June 1997, principal component one (PCl) accounted for 81% of the total variation 
while principal component two (PC2) described an additional 9% of the variation and is derived 
from a data matrix that included 66 profiles from PLAG, SLAG, SF-LAG and BASN. While 
the BASN samples were tightly clustered, indicating little change throughout the month, the 
phototrophic lagoon profiles shifted from negative PCl scores at the beginning of the month to 
positive PCl scores by the end of June. The lagoons became visibly purple/ pink by mid-June. 
The PCA plot indicated that the whole community FAME profiles of the visibly phototrophic 
lagoons can be distinguished from the profiles of lagoon systems that have not yet turned a 
pink/purple color. The four fatty acids (the magnitude of the eigenvectors in parentheses) 
18:1w7t (-0.54), 18:0 (-0.49), 16:1w7c/15:0 iso 20H(sum4) (0.44) , 18:1w7c/ w9t/w12c(sum7) 
(0.50) contributed the most to separating the whole community FAME profiles along the first 
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Figure A.l Principal component plot of various swine waste storage system community 
FAME profiles during June 1997. 
principal component axis . In early June, the lagoons had greater amounts of 18:1w7t and 18:0 
and less sum4 and sum7 than the later in June (Figures 4.6 and 4.7). In the BASN, 18:1w7t 
and 18:0 comprised a relatively large proportion of the total fatty acids while sum4 and sum7 
were not detected (Figures 4.6 and 4.7). 
July 1997 
The PCA plot of 78 FAME profiles generated from PLAG, SLAG, SF-LAG and BASN for 
samples from July 1997 is shown in Figure A.2. PCl accounted for 92% and PC2 explained 
an additional 53 of the total variation. PCl separated the samples of the phototrophic la-
goon systems from those of the non-phototrophic concrete basin. In July of 1997, the three 
lagoons(PLAG, SLAG, SF-LAG) were a purple/pink color and PLAG and SLAG had measur-
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Figure A.2 Principal component plot of various swine waste storage system community 
FAME profiles during July 1997. 
able levels of bacterial chlorophyll (Do, et al., 1998) indicating t hat a phototrophic bloom had 
occurred . The separation along the first principal component axis was due to high variance and 
high eigenvector values (noted in parentheses) for the fatty acids, 18:1 w7t (-0.37), 18:0 (-0 .62), 
sum4 (0.45), and sum7 (0.51) . The phototrophic lagoon samples had higher amounts of sum4 
and sum7 and lower amounts of 18:1 w7t and 18:0 than the BASN samples during this month . 
The second principal component separated the single-stage lagoon from both lagoons in the 
two-stage system. The major FAME contributor to this separation was the higher amount of 
sum7 detected in SF-LAG (Figure 4.7) . 
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Figure A.3 Principal component plot of various swine waste storage system community 
FAME profiles during August - October 1997. 
August-October 1997 
For August to October 1997, PCl and PC2 accounted for 90% and 5%, respectively, of the 
variation among the 116 profiles from PLAG, SLAG, SF-LAG and BASN samples (Figure A.3) . 
The first principal component separated the phototrophic lagoons from the concrete basin. The 
PLAG samples were not as tightly clustered as those from SLAG and SF-LAG . During the fall, 
we observed that the PLAG system lost its pink/purple color sooner than SLAG and SF-LAG. 
The fatty acids that were the primary contributors to PCl (eigenvector values in parentheses) 
were 18:1w7t (-0.29), 18:0 (-0.62), sum4 (0 .50), and sum7 (0.51). The appearance of 18:1w7t 
and the increase in 18:0 began in PLAG sooner than in SLAG and SF-LAG while the proportion 
of sum4 and sum 7 declined earlier in PLAG than in SF-LAG and SLAG (Figures 4.6 and 4. 7) . 
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Figure A.4 Principal component plot of various swine waste storage system com-
munity FAME profiles during March - May 1998. 
During the spring of 1998, PCl accounted for 44% of the total variation while PC2 de-
scribed an additional 24% of the variation based on PCA of a data matrix that included 66 
profiles from PLAG, SLAG, SF-LAG, OL-LAG and BASN (Figure A.4) . The whole commu-
nity FAME profiles of these different systems were more similar in t he spring than any other 
t ime. Figure A.4 shows that the early spring SF-LAG samples and most of the PLAG sam-
ples had whole community FAME profiles that were similar to the BASN and OL-LAG. As 
in spring 1997 (Figure 3.5), the early spring 1998 SF-LAG samples clustered with the BASN 
samples even t hough the liquid level was higher in 1998 than in 1997 when SF-LAG had been 
emptied just prior to our sampling. PLAG samples overlapped OL-LAG samples in PCl and 
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PC2 indicating the similarity of these two systems during this time of the year. The PC3-PC6 
values of these two systems were also similar. The fatty acids with high loading values (mag-
nitude in parentheses) include 16:0 (-0.49), 18:1w7t (-0.54), 18:0 (0 .50), sum4 (0 .20) and sum7 
(0.36). Samples with positive PCl values (SLAG and May PLAG and SF-LAG) had higher 
amounts of 18:0, sum4 and sum7 and lower amounts of 16:0 and 18:1w7t compared with those 
samples with negative PCl values(BASN, OL-LAG, and March-April PLAG and SF-LAG). 
Separation along the second principal component was due to the same fatty acids but in this 
component different pairs were correlated with each other. The fatty acids 18:1w7t and 18:0 
had high positive eigenvectors whereas 16:0 and sum7 had high negative eigenvectors. 
June 1998 
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Figure A.5 Principal component plot of various swine waste storage system community 
FAME profiles during June 1998. 
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For the principal component plot of samples from June 1998 (Figure A.5), PCl explained 
95% of the variation and PC2 accounted for an additional 6% of the differences among the 100 
FAME profiles from PLAG, SLAG, SF-LAG, OL-LAG and BASN. By June of 1998, the SLAG 
and SF-LAG had turned visibly phototrophic. The non-phototrophic systems (OL-LAG and 
BASN) can be differentiated from these visibly phototrophic systems in this PCA. By the end 
of the month, PLAG had also changed color and the profiles from this time were clustered 
with those of SLAG and SF-LAG at the positive end of the PCl axis . The fatty acids with the 
largest variance and largest eigenvectors (magnitude of value in parentheses) are 18:lw7t (-
0.28), 18:0 (-0.65), 16:0 (-0.11), sum4 (0.48) and sum7 (0.49). Profiles with positive PCl scores 
(SLAG, SF-LAG and mid to late June PLAG) had lower amounts of 18:lw7t, 18:0, 16:0, and 
higher amounts of sum4 and sum7 than those profiles with negative PCl scores (OL-LAG, 
BASN and early June PLAG). 
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APPENDIX B ADDITIONAL SEASONAL WITHIN SYSTEM 
PRINCIPAL COMPONENT ANALYSES 
The trends seen for the following principal component analyses support the conclusions 
discussed in Chapter 4. For each of the phototrophic lagoons, PCA of the whole community 
FAME profiles for all of the samples indicated a temporal shift within the first principal 
component. PCA also revealed seasonal patterns in the microbial community of the concrete 
basin when the analysis was performed on each year's samples separately. 
Primary stage of a two-stage phototrophic lagoon (PLAG) 
Figure B.1 is a plot of the principal component analysis of 208 whole community FAME 
profiles from the first-stage of a two-stage lagoon system. Principal component one (PCl) 
accounted for 78% of the total variation and principal component two (PC2) explained an 
additional 10%. There was a seasonal trend in this plot with the March through May samples 
of having large negative PCl values and the June, July and August samples for both years 
having large positive PCl values. The fatty acids with high eigenvectors were 16:0, 18:0, 18:1w, 
sum4, and sum7 with eigenvector values of -0 .18, -0.57, -0.33, 0.50 and 0.53, respectively. The 
spring samples had relatively higher amounts of 16:0, 18:0 and 18:1w7t compared with the 
summer samples which had relatively higher amounts of sum4 and sum7. 
Secondary stage of a two-stage phototrophic lagoon (SLAG) 
Figure B.2 is a plot of the principal component analysis of 202 whole community FAME 
profiles from the second-stage of a two-stage lagoon system. PCl accounted for 94% of the 
total variation and PC2 explained an additional 2%. PCA of all of the SLAG samples indicated 
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Figure B.1 Principal component plot of all samples from the primary stage 
of a two-stage phototrophic lagoon. 
that there are seasonal differences in the whole community FAME profiles. The first principal 
component separated all of the summer samples from those of the rest of the year. The samples 
with PCl values between -10 and 10 may represent transition communities occurring between 
the summer and early spring communities. The fatty acids that account for the majority of 
variation in PCl were (magnitude of eigenvectors shown in parentheses): 18:0 (-0.71), 18:1w7t 
(-0.19) sum4 (0.47) and sum7 (0.49). The summer samples had relatively higher proportions 
of sum4 and sum7 while the early spring samples had relatively higher proportions of 18:0 
and 18:1w7t. There appeared to be a difference in the spring microbial community of the two 
years as they cluster distinctly from one another along PCl whereas the bloom community is 
indistinguishable based on the first principal component. 
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Figure B.2 Principal component plot of all samples from the second stage 
of a two-stage phototrophic lagoon. 
Single-stage phototrophic lagoon (SF-LAG) 
Figure B.3 is a plot of the principal component analysis of 145 whole community FAME 
profiles from a single-stage phototrophic earthen lagoon. PCl accounted for 90% of the to-
tal variation and PC2 explained an additional 4%. Principal component one separated the 
January-May whole community fatty acid profiles from those of June through September. The 
fatty acids that have eigenvectors > \0.10\ are 18:1w7t, 18:0, sum4 and sum7 with eigenvectors 
values of -0.42, -0.54, 0.43 and 0.57, respectively. The spring samples had high amounts of 
18:1w7t and 18:0 and relatively low or non-detectable amounts of sum4 and sum7. Conversely, 
the profiles in t he summer months had sum4 and sum7 comprising a major portion of the total 
fatty acids, 18:0 occurring at low levels and 18:1w7t being undetectable. 
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Figure B.3 Principal component plot of all samples from a single-stage 
phototrophic lagoon. 
Concrete basin (BASN) 
Separate principal component analyses for each year of the BASN system can be seen in 
Figure B.4A & B. For the first year of sampling, PCl accounted for 81 % of variation and PC2 
explained an additional 11 % after PCA of 69 whole community FAME profiles (Figure B.4A). 
These two components separated the profiles into three groups: samples from March-May 1997, 
samples from June-July 1997, and samples from August-October 1997. The June samples 
overlapped wit h the spring samples and the July samples clustered with the summer/fall 
samples. Table B.1 shows the fatty acids that accounted for the majority of the variation 
described by principal component one. The spring samples had higher proportions of 
18:1w7t, 18:1w9c, 18:2w6,9c/18:0 ante (sum6) and 20:0 fatty acids compared with the summer 
samples which had relatively higher proportions of the fatty acids 18:0 and 16:0. 
In the plot representing the 46 profiles generated from November 1997 through August 1998 
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Table B.l Eigenvectors for fatty acids that contribute the mosta to the seasonal 
differentiation of microbial communities within the concrete basin. 
Eigenvectorsb 
Datec 18:1w9c 20:0 18:2w6, 9c/18:0 18:1w7t 18:0 
ante sum6 
1997 -0.16 -0.18 -0.18 -0.40 0.81 
1998 -0.14 -0.13 -0.19 -0.40 0.86 
0 > I0.101 
bCoefficient for a particular fatty acid in the linear combination of principal component one 
cl997:March through October 1997; 1998:November 1997 through August 1998. 
16:0 
0.30 
0.13 
(Figure B.4B), PCl explained 69% of the total sample variation with PC2 adding an additional 
16%. The spring samples were well separated from the winter 1997 and summer 1998 samples 
with no apparent transition in the communities as in we observed 1997 (Figure B.4A). As with 
the 1997 profiles, the spring samples in 1998 had less 18:0 and 16:0 and more 18:1w7t, 18:1w9c, 
sum6 and 20:0 as compared to the profiles for the rest of the sampling times. The similarity of 
the eigenvector values for these six fatty acids over the two years of our study indicates that 
similar changes in the microbial community FAME profiles were occurring in both years. 
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APPENDIX C SAS PROGRAM FOR PRINCIPAL COMPONENT 
ANALYSIS 
This program was modified from a program used in Dr. Ken Koehler's Statistics 502 class at 
Iowa State University during the Spring of 199S. 
DATA AMOUNG; 
INFILE 'C:/Lori/FAMEdata/all45fa.txt' firstobs=609 obs=999; 
INPUT SAMPID$ Xl X2 X3 X4 X5 X6 X7 XS X9 XlO Xll X12 X13 X14 X15 X16 Xl 7 XlS 
X19 X20 X21 X22 X23 X24 X25 X26 X27 X2S X29 X30 X31 X32 X33 X34 X35 X36 X37 X3S 
X39 X40 X41 X42 X43 X44 X45; 
LABEL Xl = 10:0 30H 
X2 = 12:0 
X3 = 13:1 at 12-13 
X4 = 13:0 
X5 = 12:0 30H 
X6 = 14:0 ISO 
X7 = 14:0 
XS = 15:1 ANTEISO A 
X9= 15:0 ISO 
XlO = 15:0 ANTEISO 
Xll = 15:0 
X12 = 14:0 20H 
X13 = 16:1 W7C ALCOHOL 
X14 = 16:N ALCOHOL 
X15 = 16:0 ISO 
X16 = UNKNOWN 15.665 
Xl 7 = 16:0 ANTEISO 
XlS = 16:1 W5C 
X19 = 16:0 
X20 = 17:0 ISO 
X21 = 17:0 ANTEISO 
X22 = 17:1 W6C 
X23 = 17:0 
X24 = 16:0 ISO 3 OH 
X25 = 16:0 2 OH 
X26 = 17:0 10 METHYL 
X27 = 16:0 30H 
X28 = 18:3w6c (6.9.12) 
X29 = 18:0 ISO 
X30 = 18:1 W9C 
X31 = 18:1 w7t 
X32 = 18:1 w5c 
X33 = 18:0 
X34 = 17:0 ISO 30H 
X35 = 17:0 30H 
X36 = 19:0 ISO 
X37 = 20:0 ISO 
X38 = 20:1 W9T 
X39 = 20:0 
X40 =SUMMED FEATURE 2 
X41 =SUMMED FEATURE 3 
X42 = SUMMED FEATURE 4 
X43 = SUMMED FEATURE 5 
X44 = SUMMED FEATURE 6 
X45 = SUMMED FEATURE 7 
run; 
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/* Compute estimates of principal components from the sample correlation matrix and plot 
the scores * / 
PROC PRINCOMP DATA=AMOUNG OUT=PCORR N=3 PREFIX=PCORR; 
VAR Xl X2 X3 X4 X5 X6 X7 X8 X9 XlO Xll X12 X13 X14 X15 X16 X17 X18 X19 X20 X21 
X22 X23 X24 X25 X26 X27 X28 X29 X30 X31 X32 X33 X34 X35 X36 X37 X38 X39 X40 X41 
X42 X43 X44 X45; 
PROC PLOT DATA=PCORR; 
PLOT PCORRl *PCORR2=SAMPID / HPOS=56; 
PROC PRINT DATA=PCORR; 
VAR SAMPID PCORRl PCORR2; 
run; 
/* Compute estimates of principal components from the sample covariance matrix and plot 
the scores * / 
PROC PRINCOMP DATA=AMOUNG OUT=SCORES COY N=3 PREFIX=PRIN; 
VAR Xl X2 X3 X4 X5 X6 X7 X8 X9 XlO Xll X12 X13 X14 X15 X16 Xl 7 X18 X19 X20 X21 
X22 X23 X24 X25 X26 X27 X28 X29 X30 X31 X32 X33 X34 X35 X36 X37 X38 X39 X40 X41 
X42 X43 X44 X45; 
PROC PLOT DATA=SCORES; 
PLOT PRINl *PRIN2=SAMPID / HPOS=56; 
PROC PRINT DATA=SCORES; 
VAR SAMPID PRINl PRIN2; 
run; 
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